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Abstract 
 
 
Granitic magma generation has the ability to strongly differentiate the continental crust and 
concentrate elements such as the heat-producing elements (HPE) uranium (U), thorium (Th) and 
potassium (K). These elements can be enriched above average upper continental crustal values, and 
these granites are referred to as moderately (4–8 µW/m3) or high (>8 µW/m3) heat-producing 
granites (HHPGs); when overlain by insulating sedimentary cover these may be considered a target 
for enhanced geothermal systems (EGS).  
 
The composition of the source, and differentiation during magma ascent and emplacement, can 
influence the magmatic elemental budget, as can the accessory mineral assemblage, tectonic setting 
and history of regional magmatism. It is of importance to investigate whether there is a combination 
of these factors that promotes HPE enrichment and, if so, can these factors be used to provide a 
criteria for HHPGs prospective for future EGS development? 
 
To address the relative influence of factors on the ability to affect elemental enrichments three 
HHPG examples with an established history in EGS development studies were selected: the Big 
Lake Suite (BLS), South Australia; Cornwall, UK; and Soultz-sous-Forêts (Soultz), France. These 
sites represent the three most common granite types: A-, S- and I-type, respectively. Comparing 
their mineralogy, major and trace element abundances, and zircon geochemistry and associated 
U/Pb ages will inform the timing and controls on enrichment at each location.  
 
Zircon chronochemistry – simultaneous collection of U/Pb ages and geochemistry using LA-ICP-
MS – forms the basis of this project. Different zircon age populations can be preserved: inherited 
ages can provide insight into the source region, and emplacement ages indicate the time of magma 
emplacement and can help constrain the duration of magmatism. In conjunction with the associated 
geochemical abundances, zircon LA-ICP-MS analyses are a powerful tool for dating the timing of 
enrichment.  
 
Inherited zircon populations ~419–415 Ma have been dated in the BLS, extending the history of 
magmatism in the region by ~100 Myr. Silurian zircons are associated with extension and 
widespread granite emplacement in central and eastern Australia. The inherited populations have 
very low elemental abundances (including U and Th) and do not seem to represent derivation from 
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an enriched source. The emplacement ages for BLS samples range from 325 ± 2 Ma to 312 ± 2 Ma; 
this spread in ages implies continual granite emplacement over ~13 Myr. Some zircons dating to the 
time of emplacement record extreme U (>5000 ppm) and Th (4000 ppm) enrichments.  
 
Inherited zircon populations were also dated in European analogues: 363 ± 9 Ma, 408 ± 9 Ma and 
420 ± 6 Ma (Cornwall) and 426 ± 14 Ma ages (Soultz) are associated with granite emplacement in a 
syn-collisional environment during closure of the Rheic Ocean. Although some inherited grains in 
Cornwall record high Th contents (~800 ppm), extreme enrichments (>6000 ppm U) are analysed in 
some emplacement-aged grains. Th enrichment (~1600 ppm) is observed in emplacement-aged 
zircons in Soultz.  
 
Zircon locations in thin section were studied to address where these extreme enrichments could 
have developed. Zircons bordering mineral boundaries or adjacent to phenocrysts likely crystallised 
in differentiated chemical boundary layers, and elemental abundances in these regions would have 
been different to those of the pluton as a whole. Localised enrichment could explain the extreme 
enrichments present in some emplacement-aged zircons; the extreme levels of differentiation 
required to attain these enrichments – up to 99% – are not plausible on a pluton scale. Zircons 
armoured within earlier crystallising mafic silicates (e.g., biotite) would not have been exposed to 
these extreme enrichments, and this could account for the range of elemental abundances recorded 
in emplacement-aged zircons. 
 
Zircon, although a useful tool for assessing the timing of enrichment, may record an incomplete 
image of magma composition; it is therefore important to evaluate results with whole rock 
geochemistry. The I-type Soultz and S-type Cornwall granites exhibit decreasing Th content with 
fractionation, however, Th increases in the A-type BLS. The high phosphorous (P) content in Soultz 
(>0.15 wt.%) and Cornwall (>0.20 wt.%) means P-bearing accessory minerals – which largely 
control the rare earth element, U and Th budget – such as apatite, monazite and xenotime crystallise 
relatively early in the melt, prior to extreme element enrichments. The low phosphorous content of 
the BLS, however, means these phosphate-bearing minerals crystallise later (if at all), enabling 
extreme enrichments to develop. Uranium enrichment in whole-rock samples has been affected by 
late-stage alteration; however, maximum U enrichment increases with differentiation. 
 
Within-plate granites with minimal material contribution from the mantle are more likely to be heat 
producing. Enriched crustal material is not required by HHPGs, but can be beneficial. Extreme 
enrichments develop around the time of granite emplacement, and likely occur in localised 
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boundary layers around crystallising phenocrysts. Low phosphorous contents are beneficial to REE, 
U and Th enrichments as the lack of early crystallising, P-bearing accessory phases allows 
concentrations in the melt to increase.  
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Chapter 1-  
Introduction and literature review 
'
1.1 Background to research problem 
1.1.1 Granite differentiation and elemental enrichments 
Granitic magma generation has the ability to strongly differentiate the continental crust (Vielzeuf et 
al., 1990; Taylor and McLennan, 1995; Kemp et al., 2007; Hawkesworth et al., 2010) and 
concentrate elements such as the generally incompatible, heat-producing elements (HPE; for 
abbreviations see page xviii) uranium (U), thorium (Th) and potassium (K) (Sawka and Chappell, 
1988; Wark and Miller, 1993; Brown and Rushmer, 2006). These three elements are present in 
average upper continental crust (UCC) at 2.7 ppm, 10.7 ppm and 3.4 wt% respectively (Taylor and 
McLennan, 1985), with an average heat production of ~2.7 µWm-3 (Turcotte and Schubert, 2002). 
However, in some granites these elements can be significantly enriched above average UCC values, 
and these granites are referred to as moderately heat-producing (4–8 µW/m3) or high heat-
producing (>8 µW/m3) granites (HHPGs) (Huston et al., 2010). Where HHPGs are overlain by 
insulating sedimentary cover the granite may be considered a target for EGS development 
(McLaren et al., 2006; Budd et al., 2007; Australia and ABARE, 2010).  
 
1.1.2 Factors that can affect the heat-producing element budget  
Three key factors have the potential to influence the magmatic elemental budget: the chemical 
composition of the source(s), the degree of partial melting, and differentiation during magma ascent 
and emplacement. Other factors such as the accessory mineral assemblage (which essentially 
govern the HPEs; Bea, 1996), tectonic setting, crustal thickness and history of regional magmatism 
also need to be taken into account when considering influences on the elemental composition of the 
magma.  
 
It is of particular importance to investigate if there is a combination of the above-mentioned factors 
that promotes enrichment in the HPEs, and, if so, can these factors indicative of enrichment be used 
to provide a criteria for HHPGs that would be prospective for future EGS development? In doing so 
I will address the overarching question in this project: is there such a thing as an archetypal HHPG?
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1.2 Granite composition: implications for heat-producing element enrichments 
 
Over the past forty years the idea that granites ‘image’ their source (Chappell and White, 1974) has 
been popularised by classification schemes, and through utilising these schemes it is possible to 
explore possible similarities in source composition between study areas (Chapter 2). One such 
scheme is the S-I-A-M, as used by Clarke (1992), although only the most common granite types (S, 
I and A) will be discussed. Chappell and White (1974) proposed that S- (supracrustal) and I- 
(infracrustal) type granites must originate from compositionally different rocks. S-type magmas are 
peraluminous [Al2O3/(Na2O+K2O+CaO) – or A/CNK – ASI >1.1], with a supracrustal source 
experiencing weathering of feldspars; subsequent loss of sodium (Na) and calcium (Ca) leads to a 
relative increase in aluminium (Chappell and White, 1974). Petrographically, S-types have greater 
mica abundances (muscovite in felsic S-types, biotite in mafic), monazite (and discrete apatite) as a 
common accessory mineral, and peraluminous mafic minerals (cordierite and garnet) (Chappell and 
White, 1974; Chappell and White, 2001). 
 
I-type magmas contain less Al [Al2O3/(Na2O+K2O+CaO), ASI <1.1] and are weakly peraluminous 
to metaluminous (ASI of <1 is metaluminous) implying the source had not experienced significant 
weathering (Chappell and White, 1974). Hornblende is common, as is accessory titanite, with 
apatite commonly found as inclusions in biotite and hornblende (Chappell and White, 1974; 
Chappell and White, 2001).  
 
‘A-type’ has been used to describe anorogenic granites with relatively alkaline compositions, 
enrichment in incompatible trace elements including LILE and HFSE, and evidence of 
crystallisation under low H2O and oxygen fugacities (Loiselle and Wones, 1979; Bonin, 2007). The 
connection to a specific source rock lithology for A-types is less clear; some are derived from a 
relatively anhydrous (or dehydrated) residual deep-crustal source following an earlier granite-
producing event (Collins et al., 1982; Clemens et al., 1986; Whalen et al., 1987; Bonin, 2007). 
Some evolved granites with A-type affinities appear to reflect extreme differentiation of more mafic 
I-type parents (e.g., Johnston 1984), whilst others could derive from a more fertile source and low 
pressure melting (Creaser et al., 1991; Patiño Douce, 1997). ‘A-type’ often refers to the tectonic 
environment (within-plate) of granitoid generation as opposed to the composition of the source 
material (Boucher, 2003), thereby differing from the alphabetical classification of Chappell and 
White (1974). It is worth noting, however, that there is debate over what defines an A-type granite 
and there is currently no consensus on their origin (Bonin, 2007). 
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Other granite classification schemes also exist. The magnetite/ilmenite series (Ishihara, 1977) 
relates to how oxidised or reduced, respectively, the magmas are, and unlike the I-/S- classifications 
provides no direct link to potential source composition (Frost et al., 2001). According to Ishihara 
(2004) reduced ilmenite series granites are found in compressional settings, whilst oxidised 
magnetite series granites are found in extensional regimes. However, in the Lachlan Fold Belt, 
Australia, granitoids emplaced during the Silurian and Devonian formed the basis of Chappell and 
White’s (1974) I-/S-type classification system, yet these compositionally different granitoids are not 
associated with a significant change in tectonic environment (White and Chappell, 1983). 
Similarities exist between the magnetite/ilmenite series and I-/S-type granites, with magnetite 
typically associated with I-type granites and ilmenite with S-type granites (Chappell and White, 
2001). Despite this, the widespread use of the S-I-A-M classification scheme means it is useful 
when discussing the relationship between granite and source.  
 
1.2.1 Can certain granite types be ‘pre-enriched’ by their source and therefore more 
prospective for enhanced geothermal systems? 
 
The theory that granites ‘image’ their source (Chappell and White, 1974) can be taken further: will 
S-type granites effectively be ‘pre-enriched’ in comparison to I- and A-type granites following 
selective element depletions and relative enrichments after feldspar weathering? The HPE U, Th 
and K can be present in pelitic metasediments (potential source rocks for S-type granites; Chappell 
and White, 2001; Chappell and Hine, 2006; Stevens et al., 2007) at concentrations 15–20 times 
greater than MORB (Behn et al., 2011); if this pelitic material underwent partial melting, the 
resulting melt would have initial element abundances greater than that of the mantle or lower crust 
(typically viewed as source contributors to I- and A-type granites; Bonin, 2007; Clemens et al., 
2011).  
 
Given the increased initial elemental abundances found in potential S-type granite source rocks 
(Behn et al., 2011), it is natural to question whether source lithologies play a role in controlling the 
HPE enrichments distinctive of HHPGs, and whether one particular granite type may be more 
prospective for EGS development. Literature reveals, however, that HHPGs have a variety of 
affinities (I-, S- and A- types), and thus appear to be derived from compositionally different 
sources. Potential source rocks include feldspathic greywackes and metapelites (S-type) (Förster et 
al., 1999b; Chappell and Hine, 2006), amphibole-bearing meta-igneous rocks (I-type) (Roberts and 
Clemens, 1993; Stussi et al., 2002), and dehydrated dacite (A-type) (Johnston, 1984). This 
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observation implies that, with respect to bulk lithological characteristics, there is no ‘special’ source 
rock composition required for HHPGS generation.  
 
This conclusion does not rule out a role for source influence in the production of HHPGs; accessory 
minerals which store the REE, U and Th differ depending on the chemical composition of the melt 
(Sawka and Chappell, 1986; Bea, 1996b; Chappell and White, 2001; Clemens et al., 2011). It is 
therefore necessary to study a range of granite compositional varieties to determine the relative 
influence of source composition and accessory mineral assemblage on the level of HPE enrichment 
attained within the melt.  
 
1.3 Effect of source composition on the chemical evolution of a melt 
1.3.1 Potential contribution of pre-enriched crustal source material 
The initial elemental budget of a crustal melt is governed by the chemical composition of the 
source, the degree of partial melting, and the proportions of minerals entering the melt relative to 
those remaining in the source (either as unmelted restite or as a reaction product; Chappell et al., 
1987; Stevens et al., 2007).  
 
The source regions of shallowly emplaced granites are rarely exposed (Stussi et al., 2002; Boucher, 
2003; Chappell and Hine, 2006), and it is therefore difficult to directly constrain these melting 
parameters. Nevertheless, many Palaeozoic examples of HHPGs appear to be spatially associated 
with Proterozoic basement (Boucher, 2003; McLaren et al., 2003; Chappell and Hine, 2006), itself 
often enriched in the HPE (Wyborn et al., 1992; Neumann et al., 2000). Is derivation from an 
enriched source a geochemical prerequisite for HPE enrichment HHPG generation? This question 
will be investigated using zircon chronochemistry. The U and Th (as well as the REE) budget of 
inherited zircons (significantly older than the host melt; Miller et al., 2007) will be compared to 
those of phenocrystic zircons (crystallised in the host melt; Charlier et al., 2005) to examine the 
extent of enrichment derived from the source relative to later differentiation processes (associated 
U/Pb dates constrain the timing of these enrichments), providing the inherited zircon crystallised 
from the source rocks and is not derived from a sedimentary component in the source (and is 
therefore formerly detrital). Determining the role of enriched Proterozoic crust in the production of 
younger, Carboniferous, HHPG is a key aspect of the investigation into magmatic HPE 
enrichments. 
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1.3.2 The effect of a mantle contribution to the heat-producing element budget 
The mantle can provide both thermal and material contributions to crustal melt generation. 
However, due to the low initial U and Th abundances in mantle melts (Jagoutz et al., 1979; Wyborn 
et al., 1992; Rudnick and Gao, 2003), they are not considered a feasible source for generating 
HHPGs; a significant mantle contribution would inhibit or dilute extreme HPE enrichments. This 
evidence implies that a material contribution from the mantle is not required for HPE enrichments, 
consistent with observation that Cordilleran-type granites of subduction zones – which invariably 
contain substantial mantle contributions – do not tend to display significant HPE enrichments 
(Sawka and Chappell, 1988). Nevertheless, a thermal contribution from the mantle during crustal 
underplating (Huppert and Sparks, 1988; Bergantz, 1989; Annen and Sparks, 2002; Clemens et al., 
2011) may still play a role in initiating crustal melting in some tectonic settings (e.g., extension).  
 
1.4 Fractional crystallisation 
Half a century of petrological research has demonstrated that fractional crystallisation plays an 
important role in the compositional spectrum of granitic rocks, including HPE abundance (Miller 
and Mittlefehldt, 1984; Sawka and Chappell, 1986; Zen, 1986; Wark and Miller, 1993; Chappell 
and Hine, 2006). However, the critical question remains: what factors lead to (i.e., govern) 
enrichment through fractional crystallisation? 
 
It is useful to propose two end-member scenarios, though it is acknowledged no single model will 
likely explain all cases. At one end, enrichment may be governed by some overriding external 
factor such as magma ascent pathway or emplacement environment and history. In this case, strong 
enrichments simply reflect extreme crystal fractionation (Halliday et al., 1991), which could in 
theory occur in any granitic magma, regardless of its source. If so, we might expect that strongly 
enriched granites (both S- and I-type) follow some broadly similar fractionation paths. At the other 
end, the differentiation history and resulting elemental enrichments (and depletions) might 
ultimately be governed by the initial composition of granitic magmas as inherited from their source 
(Chappell, 1999). In this scenario, we should expect each granite type to follow a characteristic 
(distinctive) chemical evolutionary path. 
 
If both S- and I-type granites can, but do not always, display extreme enrichments in the HPE, we 
might conclude that it is indeed the external control that determines their fate – that is, their 
differentiation histories – and thus whether they become enriched (above UCC average values). 
Experimental studies, particularly on the behaviour of phosphorous in granitic rocks (Harrison and 
Watson 1984; Pichavant et al. 1992; Rapp and Watson 1986; Wolf and London 1994), provide 
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insight into this problem and point toward a source control on subsequent differentiation. This 
hypothesis will be examined further later, but the key factor in understanding the origin of HPE 
enrichments may well be the control of initial melt composition – particularly the degree of Al 
saturation (aluminosity) – on the relative stability and composition of phosphate vs. silicate REE-Y-
Th-U accessory mineral phases in S- and I-type granites. These minerals largely govern the 
behaviour of U and Th during critical stages of differentiation because they contain most of these 
elements (Bea, 1996b).  
 
1.4.1 Petrogenetic factors governing the style and extent of fractional crystallisation  
Divergent element behaviours can be understood in terms of the degree of aluminium saturation of 
the original (unfractionated) granitic melt produced during melting of S- and I-type sources (Bea, 
1996, and references therein) on the basis of experimental studies on accessory mineral solubility 
(above). S-type granites are oversaturated in Al and thus peraluminous. In contrast, I-types with the 
most mafic compositions are metaluminous, and more felsic, unfractionated I-types are weakly 
peraluminous and have ASI values of 1.0–1.1 that overlap with those of S-types (1.01–1.25) 
(Chappell and White, 2001). Experimental studies have shown that solubility of the most important 
phosphate mineral, apatite [Ca(PO4)3(OH,F,Cl)], is low in metaluminous granites and increases 
with increasing aluminosity (Harrison and Watson, 1984; Pichavant et al., 1992; Wolf and London, 
1994). As a result, peraluminous magmas have higher phosphorous contents than metaluminous 
granites with the same silica content (Bea et al., 1992; Chappell, 1996).  
 
Experimental studies also suggest that, unlike apatite, the solubilities of other phosphate accessory 
minerals such as monazite (LREEPO4) and xenotime (Y-HREEPO4) remain low regardless of the 
degree of Al saturation (Rapp and Watson, 1986). Therefore, it is expected that P-rich peraluminous 
granitic magmas become saturated in monazite and xenotime at low REE concentrations. If so, 
fractionation of even minute quantities of these accessory minerals, typically included along with 
zircon (ZrSiO4) in co-precipitating biotite grains, should result in significant removal of REE, U 
and Th from the residual melt. This proposition will be investigated by looking for either 
suppression of enrichment or decreasing U, Th and REE with increasing differentiation in whole 
rock chemical data. 
 
In contrast, because of the scarcity of phosphate anions in metaluminous melts, precipitation of 
REE phosphates require higher REE concentrations than in peraluminous melts; allanite 
[(Ca,LREE)2(Fe2+,Fe3+)Al2O(Si2O7)OH] and titanite [CaTiSiO4(O,OH,F)] become the main carriers 
of REE, U, and Th (along with zircon), and they do so at a more advanced stage of fractionation 
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(Bea, 1996b). Silicate minerals are less effective than phosphate minerals at removing these 
elements from the melt (Bea, 1996), allowing U, Th and the REE to remain ‘incompatible’ and 
become strongly enriched in highly fractionated metaluminous to weakly peraluminous granites. 
 
Further detailed study of the HPE-bearing accessory-mineral assemblage of compositionally 
variable granite suites (I-/S-/A-type) is required to fully test this hypothesis, and three localities 
which provide this opportunity are discussed in Chapters 2 and 3. 
 
1.5 Late-stage hydrothermal alteration 
 
Post-magmatic alteration by hydrothermal fluid flow can overprint the original chemical 
composition of granite. Low-temperature hydrothermal events are capable of introducing and/or 
redistributing elements (e.g., K+ and U6+) within a granitic system (Förster et al., 1999b; Chappell 
and Hine, 2006). However, there is strong evidence that extreme enrichments in many archetypal 
HHPGs primarily reflect a magmatic origin. For example, in the Cornubian batholith in Cornwall, 
UK, there appears to be limited sub-solidus redistribution of most elements, and no evidence for 
significant elemental introduction from outside the system, despite their association with Sn-Cu-W 
mineralization. This evidence includes: (1) limited dispersion of whole-rock compositions about the 
Q-Ab-Or granite minimum in enriched samples (indicating little post-magmatic changes in Na and 
K); (2) excellent correlation of phosphorous contents with anorthite abundances in plagioclase; and 
(3) generally good correlation among both compatible (e.g., Ni, Ba, Sr, Zr, Th and La) and 
incompatible (e.g., Rb, Sn, and B) elements with indices of differentiation such as SiO2. These 
observations agree with global datasets indicating that many HHPGs have Th/U ratios that fall 
within typical magmatic values of ~3–5 (Boucher, 2003; McLaren et al., 2003; Chappell and Hine, 
2006; Hooijkaas et al., 2006).  
 
1.6 Remaining challenges to understanding HPE enrichment in granitic magmas 
That we still have gaps in our understanding of the characteristics and origins of HPE-rich granites, 
despite over decades of research on these distinctive rocks, attests to the need for a new approach; 
new methodologies for accessory mineral chronochemistry provide that approach. Advances in LA-
ICP-MS allow simultaneous acquisition of U/Pb age data and trace element concentrations within 
individual zircon grains, a mineral ubiquitous in granites. This approach represents a different 
methodology than SHRIMP and TIMS investigations that provide age constraints but not detailed 
associated geochemistry, and LA-ICP-MS is not a sample destructive process like TIMS. The 
ability to use LA-ICP-MS chronochemical analyses of zircons from the case study areas in this 
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project (Chapter 2) creates a unique opportunity to identify the potential source composition, 
timing, extent, and cause of elemental enrichments in granites.  
 
1.7 Background context: high heat-producing granites – their use in hot dry-
rock geothermal energy 
Geothermal energy has the ability to provide base-load power and can be used in tandem with other 
renewable resources such as solar and wind (Tester et al., 2006; Ozgener, 2010; Missimer et al., 
2013; Østergaard, 2013), and, when HHPGs are utilized by EGS, is a highly prospective renewable 
resource (Department of Resources, 2008a, b; Australia and ABARE, 2010). Hot dry-rock (HDR) 
geothermal energy is dependent on granitic radiogenic heat production (Fig. 1.1). To be 
prospective, EGS requires the granitic body to be buried to ~4–5 km depth and overlain by an 
insulating sedimentary cover preventing heat dissipation (Budd et al., 2007; Department of 
Resources, 2008b). This project aims to understand if there are geological ‘requirements’ for 
HHPGs, aiding future exploration for HHPGs prospective to EGS development. The findings will 
also be of importance to the wider geological community with an interest in crustal evolution, as the 
results have the potential to shed light on the relative influence of factors (as outlined above) in 
generating compositional diversity in granites. 
 
1.8 Experimental rationale and objectives 
HHPGs have been documented over a range of time periods, from the Archaean to Phanerozoic  
(Wyborn et al, 1992; Menon et al., 2003; Chappell and Hine, 2006). HHPGs are found globally, 
Figure 1.1 – Schematic drawing illustrating a hot dry rock geothermal system. Blue lines indicate cold water being 
pumped into and circulated through the hot rocks before being pumped back to the surface as warm water (red 
lines). Image adapted from Hot Rock Geothermal (2012) http://www.hotrockltd.com/irm/content/about_faq.html.  
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including the South Mountain Batholith, Nova Scotia, Canada; granites in the Erzgebirge, Europe; 
the Big Lake Suite (BLS) granites, Australia; the Cornubian Batholith, England; and the Soultz-
sous-Forêts monzogranite, France (Christiansen et al., 1983; Clarke and Muecke, 1985; Swenson et 
al., 2000; Chappell and Hine, 2006; Förster and Förster, 2006; Hooijkaas et al., 2006). These last 
three sites form the basis of this research project.  
 
These sites represent three examples of HHPGs with an established history in EGS development 
studies. Development of the BLS EGS (Fig. 1.2) began in 2002 and has been cited as the most 
prospective HDR resource worldwide (Swenson et al., 2000; Beardsmore, 2004; Wyborn, 2008). 
Two plutons are of interest in the Cornubian Batholith: Carnmenellis (Carnsew and Rosemanowes 
areas) and Land’s End (Fig. 1.3). The Rosemanowes area of the Carnmenellis pluton started testing 
EGS in 1975. Despite having elevated temperatures at depth, the Rosemanowes project was never 
intended to produce geothermal energy, with research focussing on rock mechanics and developing 
heat extraction techniques (Tester et al., 2006; Ziagos et al., 2013). Work at Soultz-sous-Forêts 
(Soultz; Fig. 1.4) began in 1985. The EGS pilot plant started operating in 2008 and is used for 
Figure 1.2 – Interpreted temperature at 5 km depth (Warburton Basin highlighted by square) and location of 
subsurface BLS plutons (Meixner et al., 2000). Interpreted temperatures constructed using bottom-hole 
temperatures, OzTemp database. Copyright Commonwealth of Australia, 2012 (Gerner and Holgate, 2010). 
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Figure 1.3 – Location of the Cornubian granites and surface heat flow measurement for the Carnmenellis 
and Land’s End plutons. Heat flow of >120 mW/m2 (red) to 60–70 mW/m2 (green). BGS GIS heat flow 
map, 2010.  
 
Figure 1.4 – Location of the Soultz EGS site and geology of the Rhine Graben (Dezayes et al., 2005; 
Hooijkaas et al., 2006). 
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scientific and technical studies (e.g., multi-well circulation testing). These granites also represent a 
range of compositional types: the BLS granites are variably classified as S-, I, or A-type (Boucher, 
2003), the Cornubian Batholith is S-type (Chappell and Hine, 2006), and the Soultz monzogranite is 
I-type (Chappell and White, 1974; Stussi et al., 2002).  
 
The advantage of choosing these three sites is that, for the most part, they have previously been 
geochemically well characterised, dated through various techniques, and their tectonic and 
emplacement histories debated. Previous research – summarised in Chapter 2 – allows for a more 
focussed study concentrating on specific research questions:  
 
1. How does the compositional variability (I-/S-/A- type) of granites affect the extent of heat-
producing element enrichment:  
a. What are the different accessory minerals present within each granite type? 
b. When do these accessory minerals crystallise from the magma? 
c. How does the accessory mineralogy affect the elemental enrichments attained 
within the melt? 
2. When do granitic magmas become enriched in the heat-producing elements: 
a. Is there a source control on enrichment (e.g., pre-enriched Proterozoic basement)? 
b. Do extreme enrichments occur around the time of emplacement?  
 
By addressing these questions it will be possible to establish both the timing and controls on the 
level of enrichment attained at each location. Through integrating existing literature (history of 
regional magmatism, tectonic regimes, spatial extent of the granitic body, age and nature of possible 
basement rocks) and accompanying data sets (whole-rock chemistry, whole rock and accessory 
mineral dating) with the data generated in this project it will be possible to address the overarching 
research questions to identify whether there is an ‘archetypal’ HHPG:  
 
1. Do different high heat-producing granites exhibit different enrichment histories? 
2. Are certain combinations of factors more likely to make a granite high heat-producing? 
• Granite lithology (major and accessory mineral assemblage);  
• HPE-bearing accessory mineral assemblage and their location within the granite;  
• Age and nature of basement rocks;  
• Tectonic setting;  
• Regional magmatic histories.  
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Chapter 2 -  
Three classic high heat producing granites: 
their application in understanding extreme 
element enrichments 
 
 
The granite type (I-/S-/A-) and the rock-forming and accessory mineralogy will be documented for 
each location. Information in current literature regarding the characteristics of the granitic body 
(size, depth and zoning), previous dating techniques, age and nature of the basement rocks, the 
tectonic setting prior to and at the time of emplacement, and the history of regional magmatism, 
will be reviewed to provide a detailed comparison between sites. Thorough understanding of 
previous research and existing literature will enable identification of gaps in knowledge that can be 
addressed by this research; only through the application of similar analytical procedures and 
comparison between samples can I hope to see if there are any factors predictive of HHPGs.  
 
2.1 Critical review of case study areas  
2.1.1 Granite type: S-I-A-M 
Two questions in this thesis address petrogenetic factors governing the style and extent of fractional 
crystallisation and the timing of HPE-bearing mineral crystallisation (1.8). Aluminium saturation in 
a melt (one of the observed differences in the I-/S- classification) affects the solubility of the 
phosphate mineral apatite, the crystallising accessory mineral assemblage, and the level of 
enrichment attained in the melt prior to elemental (e.g., U, Th) incorporation into a crystallising 
accessory phase (1.3.3.1). It is therefore important to investigate granites with varying source rock 
compositions (using the S-I-A-M scheme).  
 
Big Lake Suite  
The BLS intrusion has been variably described as granitic (Big Lake 1 and Moomba 1; Gatehouse, 
1986, McLaren and Dunlap, 2006) and granodioritic (Gatehouse, 1986; Beardsmore, 2004); images 
Figure 2.1. Based on elemental relationships (Na2O/K2O and K2O+Na2O/CaO; Fig. 2.2a and b) the 
BLS granites plot as an S-type (Boucher, 2003); however, according to Wyborn (1994) the granites 
are in fact ‘a rare I-type’, with a their low P2O5 content indicating a felsic source parentage. 
Boucher (2003) measured P2O5 values of 0.01% for Big Lake 1 (3038 and 3057 m depth), 0.06% 
for McLeod 1 (3749 m depth), and between 0.02% and 0.06% for Moomba 1 
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(2895 m and 2890 m, respectively), significantly lower than P2O5 contents associated with strongly 
peraluminous granites (e.g., Cornwall, P2O5 ~0.23–0.26%; Chappell and Hine, 2006). Highly 
variable ASI values are calculated for the granites using the whole-rock geochemical data of 
Boucher (2003): 1.28 and 1.15 for Big Lake 1 (3038 and 3057 m depth), 1.77 for McLeod, and 1.06 
to 2.3 for Moomba 1 (2895 m and 2890 m depth). Some ASI values straddle the I-/S- boundary 
determined by Chappell (1999), although calculated values of 1.77 (McLeod) and 2.3 (Moomba) 
Figure 2.1 – Photographs of granite samples from (a) Big Lake 1 3056.9 m, (b) Moomba 1 2848.7 m, (c) and 
McLeod 1 3745.9 m depth, this study. Scale in cm. Other samples are cuttings and have not been imaged. 
Figure 2.2 – Geochemical discrimination diagrams for the BLS (Boucher, 2003). S-type based on Na2O/K2O (a) 
and K2O+Na2O/CaO (b) relationships, A-type based on Ga/Al/Zr plots (c). 
Moomba area cuttings 
Moomba area core 
Big Lake 1 cuttings 
Big Lake 1 core 
McLeod 1 core 
Pogona 1 cuttings 
Wooloo 1 core 
Merrimelia 18 core 
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seem very high and may be indicative of previously unrecorded alteration effects. Boucher (2003) 
also postulated an A-type affinity based on their intra-plate tectonic setting and Ga/Al/Zr plots (Fig. 
2.2c). Despite this work, Boucher (2003) did not provide a conclusive opinion regarding the type of 
granite represented by the BLS or comment on the possible effect of alteration on elemental 
abundances; this study aims to clarify these points. 
 
Cornwall 
Samples examined in this study (Carnmenellis and Land’s End plutons) are two-mica, strongly 
peraluminous, granites (Chappell and Hine, 2006; Müller et al., 2006); images Figure 2.3. The 
granites are distinctly S-type based on their strongly peraluminous nature (average ASI of 1.24 for 
the Carnmenellis, and 1.26 for the Land’s End pluton; Chappell and Hine, 2006), the presence of 
white K-feldspar – the result of the reducing environment of formation (Chappell and White, 1974; 
Chappell and Hine, 2006), and ilmenite as the main oxide phase, a result of lower Fe3+/Fe2+ in S-
types than I-types (Whalen and Chappell, 1988).  
 
Soultz-sous-Forêts  
The dominant composition is a porphyritic, biotite 
monzogranite (Figure 2.4, 1400–3500 m depth; 
Hooijkaas et al., 2006). The Soultz monzogranite is 
an I-type based on the abundance of hornblende and 
titanite, and an A/CNK of <1 (Chappell and White, 
1974; Stussi et al., 2002).  
 
Figure 2.4 – Photograph of granite sample K102, 
1608 m depth, EPS-1. Scale in cm.  
Figure 2.3 – Photographs of Cornwall granite samples. (a) Carnsew region, Carnmenellis pluton; (b) Lamorna 
Cove, Land’s End pluton. Scale in cm.  
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2.1.2 Mineralogy: rock-forming and accessory minerals 
Big Lake Suite 
Variable rock-forming mineral abundances between the granites have been recorded in the literature 
(Table 2.1). The main rock-forming minerals in the BLS are coarse-grained and euhedral to 
subhedral, with K-feldspar often strongly illitised. Small to medium grained, subhedral to anhedral 
microcline, opaques and biotite account for ~5–11% (Gatehouse et al., 1995; Boucher, 2003). 
Samples from Big Lake 1 are coarse grained (aggregates of quartz up to 10 mm diameter) and 
described as moderately weathered (Gatehouse et al., 1995). Samples from Moomba 1 are very 
coarse grained (Gatehouse et al., 1995) with almost complete alteration of feldspar and chloritised 
biotite (Gatehouse, 1986). Gatehouse et al. (1995) (and Gatehouse et al., 1986) did not record the 
depths of their samples, nor accurately document their level of alteration; granites from Big Lake 1  
Table 2.1 – Mineralogy!as!documented!in!the!literature for the BLS granites. Percentages where 
originally recorded, tick marks where mineral identified but not quantified. Mineralogy presented 
by van Zyl et al. (2010) is not associated with any particular sample or well, so unclear whether 
minerals observed in some or all samples.  
 Big Lake 11 Moomba 11 Moomba 12 McLeod 12 Big Lake 1, 
McLeod 1, 
Moomba 1, 
Jolokia 13 
Mineral (%) (%) (%) (%) (%) 
Rock forming minerals 
Quartz ~40 ~30 41 46 ✓ 
K-feldspar ✓ ~60 45 46 ✓ 
Plagioclase  5–10 11 5 ✓ 
Biotite  5 (chloritised) 3  ✓ 
Muscovite    3  
Sericite ✓     
Kaolinite ✓     
Illite     ✓ 
Chlorite     ✓ 
Accessory minerals 
Zircon     ✓ 
Fluorite ✓     
Opaques      
Goethite     ✓ 
Rutile     ✓ 
Galena     ✓ 
Pyrite     ✓ 
Thorite     ✓ 
Apatite     ✓ 
Monazite     ✓ 
Xenotime     ✓ 
1Gatehouse et al. (1995), 2Boucher (2003), 3van Zyl et al. (2010).  Gatehouse et al. (1995) sample depths: Big Lake 1 
3745–3750 m; Moomba 1 2847.74–2858.41 m. van Zyl et al. (2010) sample depths: Big Lake 1 3507 m, McLeod 1 
3745.2–3748.3 m, Moomba 1 2847.75–2857.4 m, Jolokia 1 4905 m. 
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are initially described as moderately weathered, yet Gatehouse et al. (1995) go on to say the BLS 
granitoids are ‘all either highly weathered or hydrothermally altered’. Levels of alteration may vary 
between and within wells as Boucher (2003) classified samples from Moomba 1 and McLeod 1 as 
fresh (Fig. 2.5; sample depth not provided).  
 
It is important to clarify here the nature of the alteration within the BLS granites – is it a result of 
weathering or hydrothermal alteration? Recent work by Middleton et al. (2014) examined 
authigenic illite within the BLS granite (Nappamerri Trough), including samples from Moomba 1, 
Big Lake 1 and McLeod 1 wells. Intense, illite-rich alteration is found within the BLS granite 
samples, resulting in almost complete destruction of primary feldspars and micas, as well as 
pervasive veins of very fine-grained illite. Low-temperature weathering of granites would result in 
kaolinite-rich alteration (low temperature and moderately low pH), with a high smectite component 
(Nesbitt and Young, 1989). However, illite in the BLS granites does not have a high smectite 
component (X-ray diffraction analyses measured >95% illite), and the crystallinity of the illite is 
such that it could only precipitate from higher temperature fluids (~250ºC; Middleton et al., 2014, 
and references therein). Middleton et al. (2014) found the illite alteration dated to a period of 
episodic Cretaceous fluid flow events ~126–86 Ma within the Nappamerri Trough using 40Ar–39Ar 
and 87Rb–87Sr geochronology. This corresponds to a period when the area was affected by multiple 
episodes of exhumation associated with the break-up of Gondwana and the opening of the Tasman 
Sea (Mavromatidis, 2006; Mavromatidis, 2008; Middleton et al., 2014). Another feature that 
supports hydrothermal alteration as opposed to weathering is the flat steps in the Ar-Ar spectra 
(Middleton et al., 2014, p. 164), which can be used to infer a homogeneous, well-crystalline 
reservoir, unlikely to have formed at low temperatures (especially in illite). 
Figure 2.5 – Granite samples from Moomba 1 (a) and McLeod 1 (b) in thin section. P = plagioclase, K = K-
feldspar, Q = quartz, B = biotite. Despite being described as fresh (Boucher, 2003), minor illite alteration is present 
in the plagioclase in (a), and sericite (P) and illite (K) alteration are observed in (b). Images from Boucher (2003). 
 17 
van Zyl et al. (2010) previously identified two degrees of alteration (intermediate and pervasive), 
although they did not say if these levels of alteration were restricted to specific samples or depths. 
Intermediate pseudomorphic texture was observed following the alteration of biotite into larger, 
more crystalline illite grain sizes ranging from 200 µm–1 mm. Pervasive alteration was identified 
by the presence of fine (<100 µm) intergrown clay minerals and quartz. It is important to assess the 
level of alteration present in each sample, and the potential impact on whole rock elemental 
abundances, at different depths within and between drill holes. 
  
Cornwall 
Three granite types (Fig. 2.6a) were described by Ghosh (1934), but work by Al-Turki and Stone 
(1978) documented only minor differences (Rb concentration and biotite abundance) between Type 
1 and Type II, subsequently known as the outer granite. The inner granite (Type III) contains more 
K, Rb and Zn and less Ti, Fe, Mg, Ca and Zr than the outer granite and is viewed as a separate, later 
intrusive phase (Al-Turki and Stone, 1978). The Land’s End pluton (Fig. 2.6b) has compositionally 
similar fine-grained and medium- to coarse-grained granites with large (>3 cm) K-feldspar 
megacrysts, varying from abundantly megacrystic (>10%) to poorly megacrystic (<5%) across the 
pluton (Müller et al., 2006). The most common granite type the Cornubian batholith is a medium to 
 
Figure 2.6 – Sample locations and granite types in (a) Carnmenellis, and (b) Land’s End plutons, Cornwall, UK. 
Modified from Charoy (1986) and Müller et al. (2006). 
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coarse-grained granite (accounting for 90% of the granite; Chappell and Hine, 2006) with K-
feldspar megacrysts (for composition see Table 2.2).  
 
Soultz 
The Soultz monzogranite has been divided into three distinct granite types: a standard porphyritic 
granite, a biotite- and amphibole-rich granite, and a two-mica granite (Dezayes et al., 2005; 
Hooijkaas et al., 2006). The standard porphyritic granite is of interest in this study and contains pink 
K-feldspar megacrysts 1–8 cm in length set in a granular matrix (~3–4mm) (Table 2.3). Quartz and 
plagioclase are mostly anhedral, whilst biotite is subhedral to euhedral (Hooijkaas et al., 2006). The 
biotite- and amphibole-rich granites have similar primary mineralogy to the standard porphyritic 
Table 2.2 – Mineralogy! as! documented! in! the! literature for Carnmenellis and Land’s End 
plutons. Percentages where originally recorded, ticks where mineral identified but not quantified. 
 
Carnmenellis1 Carnmenellis2 Land’s End3 
Dominant 
granite 
composition 4 
 Type 1 Type 2 Type 3    
Mineral (%) (%) (%)   (%) 
Rock forming minerals 
Quartz 32 31 36  ✓ 34 
K-feldspar 33 32 28  ✓ 32 
Plagioclase 24 24 24  ✓ 22 
Biotite 5 6 3   6 
Muscovite 5 6 7   4 
Magnesian 
siderophyllite     ✓  
Cordierite     ✓  
Ferroan 
Polylithionite     ✓  
Accessory minerals 
Apatite <1 <1 <1 ✓ ✓  
Zircon    ✓ ✓  
Monazite    ✓ ✓  
Tourmaline <1 <1 <1  ✓ 1 
Xenotime    ✓ ✓  
Rutile     ✓  
Ilmenite    ✓ ✓  
Andalusite <1 <1 <1    
Uraninite    ✓   
Chlorite    ✓   
Titanite    ✓   
Topaz    ✓   
Fluorite    ✓   
1Al-Turki and Stone (1978), 2Jefferies (1984), 3Müller et al. (2006), 4Chappell and Hine (2006). 1, composition of 
granite types 1 and 2 averages eight samples, granite type 3 averages seven. 2, porphyritic granite composition 
applies to both fine- and medium- to coarse-grained samples. 4, applies to all Cornubian granites.  
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granite, but greater abundances of biotite and hornblende (although percentage unspecified; Table 
2.3) (Hooijkaas et al., 2006). The two-mica granite is very fine-grained and contains primary 
muscovite.  
 
Accessory mineralogy 
Accessory minerals vary depending on granite type (I-/S-; 1.3.3.1) and are presented in Tables 2.1–
2.3. Recently the locations of HPE-bearing accessory minerals in the Soultz monzogranite were 
addressed (Middleton et al., 2013) but this was in relation to the secondary, alteration mineralogy as 
opposed to the primary mineralogy that forms this focus of this project. The BLS accessory mineral 
assemblage is closer to the S-type Cornish granites than the I-type Soultz monzogranite, containing 
thorite, xenotime, monazite and apatite (Tables 2.1 and 2.2) as opposed to titanite, allanite and 
magnetite (Table 2.3). The BLS accessory mineralogy appears to be at odds with previous work 
which implied the granites were I-type (Boucher, 2003). This apparent discrepancy creates a point 
of investigation for research: (1) can the classification of the BLS be clarified with new data from 
other locations, and (2) can differences in zircon trace element chemistry provide constraints 
regarding the chemical composition of the BLS granites using known S- (Cornwall) and I- (Soultz) 
type granites as points of reference.  
 
 
Table 2.3 – Mineralogy!as!documented!in!the! literature for the Soultz granite. Percentages 
where originally recorded, tick marks where mineral identified but not quantified. Depth 
intervals from well GPK-3 (Hooijkaas et al., 2006). 
 Sample K102, 
1608 m, standard 
porphyritic 
granite 1 
Standard 
porphyritic 
granite, 1420–
3551 m 2,3 
Biotite- and 
amphibole-rich 
granite, 3551–
4846 m 2,3 
Two-mica 
granite, 4846–
5093 m 2,3 
Mineral (%) (%) (%) (%) 
Rock forming minerals 
Quartz 22 ✓ ✓ ✓ 
K-feldspar 25 ✓ ✓ ✓ 
Plagioclase 43 ✓ ✓ ✓ 
Biotite 6 ✓ ✓ ✓ 
Hornblende 2 ✓ ✓  
Muscovite    ✓ 
Accessory minerals 
Titanite 0.2 ✓ ✓  
Apatite 0.4 ✓ ✓  
Magnetite 0.7 ✓ ✓  
Hematite     
Zircon ✓ ✓ ✓  
Allanite  ✓ ✓  
1, normative sample composition. 1Stussi et al. (2006), 2Dezayes et al. (2005), 3Hooijkaas et al. (2006).  
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Summary 
The rock-forming mineral proportions do not significantly affect magmatic HPE concentrations as 
HFSE such as U and Th have large ionic radii, often excluding them from these minerals. 
Accessory minerals control most of the REE-Th-U-Y budget (Bea, 1996b); however, it is still 
important to classify the rock-forming mineral (and therefore major element) proportions as the 
elemental composition of the granitic body will affect the associated crystallising accessory mineral 
assemblage (Chappell and White, 2001). Through investigating both I-, S- (and possibly A- in the 
case of the BLS) type granites I can measure the degree of differentiation in the whole-rock using 
major and trace element chemistry, and the corresponding levels of magmatic U and Th enrichment 
at the time of crystallisation using LA-ICP-MS analyses of zircon. 
 
2.1.3 Size and emplacement of the granite bodies 
Big Lake Suite 
The BLS granites are ~100 km by 30 km based on close correlation between a gravity low and the 
known location of the granite (Fig. 2.7) (Boucher, 2003), although Meixner et al. (2000) interpret 
the batholith to be ~170 km by 40 km from Bouguer gravity anomalies (Fig. 2.8). Meixner et al. 
(2000) also highlight gravity lows within a gravity trough (Fig. 2.8), interpreting them to be cupolas 
emanating from the larger batholith beneath, two of which correspond to the locations sampled in 
this study (Fig. 2.9).  
 
Figure 2.7 – Location of wells 
intersecting the BLS granite (red 
crosses) which lies within, or 
close to, the gravity low. Granite 
appears as an aeromagnetic high 
on the 1994 (B5) survey. Boucher 
(2003).  
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Figure 2.8 – Bouguer gravity model showing basement 
well intersections and extent of the BLS granite (BLS 
granodiorite – red, Mooracoochie Volcanics – yellow, 
basalt – green, sediments – tan, Proterozoic – blue). 
Gravity values range from -40 mm/s2 (black) to -9 
mm/s2 (white). Area of interest: E = intense gravity lows 
correspond to subcropping BLS granodiorite and 
interpreted as cupolas emanating from a batholith. Image 
after Meixner et al. (2000), values from the National 
Gravity Database (Murray, 1997).  
Figure 2.9 – Geophysical 
interpretation of basement units 
and structure of the Cooper Basin 
showing location of wells 
sampled within the BLS granites. 
For key see Figure 1.2. Modified 
from Meixner et al. (2000).  
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Cornwall 
The Cornubian Batholith as a whole is 250 km by 20–40 km and ~12–13.5 km deep based on 
gravity modelling (Bott et al., 1958; Willis-Richards and Jackson, 1989; Williamson et al., 2010); 
the Carnmenellis and Land’s End plutons are ~8 km deep and 130 km2 and 190 km2, respectively 
(Chappell and Hine, 2006; Taylor, 2007). As discussed previously, two main granite types have 
been recognized in the Carnmenellis (Fig. 2.6a): an inner, fine-grained granite and an outer, coarse-
grained megacrystic granite (Al-Turki and Stone, 1978). Heat-production is highest near granite 
contacts and lowest towards the centre of the body (Wheildon et al., 1981). The Rosemanowes EGS 
test site is situated within the outer (originally Type II), coarse-grained megacrystic granite (sample 
RQ1; Fig. 2.6a). The second sample from the Carnmenellis (CBM1; Fig 2.6a) is also from the outer 
granite, in an area originally described as Type I.  
 
In the Land’s End pluton the dominant granite type is abundantly megacrystic (>10% megacrysts) 
with K-feldspars >3 cm (Fig. 2.6b), although this is interspersed with moderately and poorly (<5%) 
megacrystic varieties (Müller et al., 2006). There are also variations in granite composition 
throughout the pluton: the dominant megacrystic biotite granites are of interest to this thesis, but 
there are also albite microgranites, younger Li-siderophyllite granites and tourmaline microgranites 
(Müller et al., 2006). Geochemical profiling of K-feldspars has revealed Rb – and Sr and Ba – 
increases from core to rim in megacrysts (particularly in the fine-grained biotite granites), 
suggestive of increasing magmatic differentiation with time. Magmatic differentiation is supported 
by decreasing Ti content between core and rim in quartz phenocrysts, implying a cooler, more 
evolved magma composition with time (Müller et al., 2003a; Müller et al., 2006). High degrees of 
fractionation are also implied by elevated whole-rock Rb, Cs and Nb contents (Müller et al., 2006). 
 
Soultz 
The Soultz granite is ~100 km2 based on gravity modelling and is comprised of three granite types 
(Fig. 2.10): porphyritic K-feldspar-rich granite (1400–3500 m; K-feldspar megacrysts in a granular 
matrix), biotite- and amphibole-rich granite (3800–4800 m; biotite- and amphibole-rich xenoliths 
present within the porphyritic granite), and two-mica granite (4800–5900 m; very fine-grained 
granite) (Hooijkaas et al., 2006). The biotite- and amphibole-rich xenoliths have higher 
concentrations of Th, Y, and REE compared to the (already enriched) standard porphyritic granite 
(Stussi et al., 2002; Hooijkaas et al., 2006). The fine-grained granite has primary muscovite flakes, 
and Cocherie et al. (2004) believed this to be a highly differentiated version of the magma which 
produced the standard, porphyritic K-feldspar rich granite based on REE abundances. Using U/Pb 
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zircon dating the porphyritic granite was dated to 
334 +3.8/-3.5 Ma, and the underlying very fine-
grained two-mica granite to 327 ± 7 Ma (Cocherie 
et al., 2004). 
 
2.1.4 Tectonic setting 
Big Lake Suite 
The tectonic history of the Warburton Basin is 
enigmatic, variably described as compressional and 
extensional. The Late Carboniferous BLS granites 
intrude into sediments of the 1800 m thick, Early 
Palaeozoic, Warburton Basin (McLaren and 
Dunlap, 2006) extending from northern South 
Australia into south-west Queensland (Fig. 2.11). 
The Warburton Basin formed in a back-arc rift 
basin; volcanic rocks with continental arc affinities 
along the Mt Wright arc imply westward subduction 
to the east of the basin (Roberts et al., 1990). A 
major orogenic event is thought to have followed 
this period of extension and syn-rift deposition, 
leading to significant compression of the overlying Kalladeina Formation; Roberts et al. (1990) 
attributed this compressional regime to the Delamerian Orogeny (~515–490 Ma; Foden et al., 
2006).  
 
However, many alternative theories exist regarding the orogenic event which could have created the 
N-W orientated thrust faults observed in the Gidgealpa (Daily, 1964; Carroll, 1990), Merrimelia, 
Wantana, Packsaddle and Innamincka areas (Sun, 1996, 1997). These include: the Early Silurian 
Benambran Orogeny (490–440 Ma) (Gatehouse, 1986; Glen, 2005); the Alice Springs Orogeny 
(450–300 Ma), a major regional compressive event in Central Australia (Gravestock and Flint, 
1995; Sun, 1999; Haines et al., 2001); and the Kanimblan Orogeny (380–320 Ma) (Apak et al., 
1997; Glen, 2005). There is considerable disagreement over the tectonic environment during this 
period of intra-continental granite emplacement, both due to the lack of outcrop and the presence of 
Figure 2.10 – Location of sample K102 within 
the standard porphyritic granite, EPS-1, Soultz. 
Modified from Hooijkaas et al. (2006).  
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a nonconformity during the Early Ordovician to Late Carboniferous period (McLaren and Dunlap, 
2006). Haines et al. (2001) discussed how granite emplacement was not characteristic of the ASO, 
instead being more consistent with Late Palaeozoic tectonism in eastern Australia (e.g., Kanimblan 
Orogeny). They concluded that the Warburton Basin could be in a transitional zone between the E-
W compressional regime in eastern Australia and the N-S compression associated with the ASO 
based on the N-W thrusts visible in the Warburton Basin.  
 
Evidence presented by Middleton et al. (2014) argued that the Warburton Basin experienced 
substantial extensional tectonism during the mid to late Silurian, contradicting the theory of a 
compressional environment. An extensional regime would be more conducive to widespread granite 
emplacement and hydrothermal fluid circulation through fractures; such extension could arise 
following the Benambran Orogeny. The Benambran Orogeny affected the southern Thomson and 
western Lachlan orogens (Glen et al., 2007; Greenfield et al., 2010; Purdy, 2013), and is seen in the 
Warburton Basin in folding of the Late Ordovician Dullingari Group and NW-SE trending fracture 
networks (Gatehouse, 1986; Sun, 1999). These features appear to be extensions of the NW-striking 
Koonenberry Belt, found ~250 km south-east of the Warburton Basin (Greenfield et al., 2010). In 
the Koonenberry Belt the end of the Benambran Orogeny is marked by intrusion of the 
granodioritic Tibooburra Suite, with SHRIMP dating zircons to the Late Silurian: 428–420 Ma 
(Black, 2006, 2007). Emplacement of the BLS was followed by a cycle of uplift, extension and 
burial which was completed in around 5–10 Myr, prior to the deposition of the 305–295 Ma 
Figure 2.11 – (a) Location of the Warburton Basin, illustrating relationships between state and territory boundaries 
(NT, Northern Territory; SA, South Australia; QLD, Queensland; NSW, New South Wales; WA, Western 
Australia; Tas, Tasmania). (b) Location of wells Big Lake 1 and Moomba 1 (southwest pluton) and Habanero 1 and 
McLeod 1 (northeast pluton). Modified from McLaren and Dunlap (2006).  
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Merrimelia Formation in the overlying Cooper Basin (McLaren et al., 2002; McLaren and Dunlap, 
2006).  
 
Cornwall and Soultz-sous-Forêts  
The European Variscides formed during collision of the Gondwana-derived microplates Avalonia 
and Armorica with Laurentia/Baltica during the Devonian to Early Carboniferous (Linnemann and 
Romer, 2002; Kroner et al., 2007). Granite emplacement followed crustal thickening, occurring 
north to south across Europe during a post-collisional extensional regime in the Late Carboniferous; 
granite emplacement in both Cornwall – over a 20 Myr period during the Early Permian (Chen et 
al., 1993; Shail and Leveridge, 2009) – and Soultz – during Visean to Namurian times 345–313 Ma 
(Stussi et al., 2002) – relates to this period of tectonic activity. Extension enabled mantle-derived 
melts to underplate the crust providing the heat required to generate the large volume of magma 
inferred to comprise the Cornubian batholith, ~68,000 km3 (Bott et al., 1958; Willis-Richards and 
Jackson, 1989; Shail and Leveridge, 2009). Soultz is located in a zone of crystalline basement – the 
Mid German Crystalline Rise – separating the Rhenohercynian (southern rim of Avalonia) and 
Saxothuringian (part of Armorica) belts (Kossmat, 1927; Oncken, 1997; Stussi et al., 2002). The 
monzogranite was emplaced during post-collisional extension when the crust was ‘in contact with 
mantle or mantle-derived melt’ (Franke, 2002, p.47). 
 
Summary 
From information provided by these three sites a tentative statement can be made regarding tectonic 
settings favourable to HHPG formation. A significant material contribution from the mantle, such 
as that found in subduction zone settings, would preclude extreme enrichment in the HPEs due to 
their low concentrations of U and Th (among other elements; 1.3.2). This is supported by the 
tectonic settings represented by these three examples of HHPGs, all of which are within-plate and 
display evidence of emplacement in post-orogenic settings during crustal relaxation. Intra-crustal 
settings seem favourable to HHPG generation and emplacement, with greater levels of crustal 
fractionation and minimal material contributions from the mantle to inhibit extreme enrichments.  
 
2.1.5 Age and nature of possible basement rocks 
An association between areas of high surface heat-flow and underlying high heat-producing 
Proterozoic basement has been identified in several examples of Palaeozoic HHPGs (1.3.1) 
(Wyborn et al., 1992; McLaren et al., 2003). All three sites of interest have been associated with 
Proterozoic basement, through strata correlations in drill core sampling (BLS; Gatehouse, 1986), 
mantle model ages from Nd isotopes (Cornwall; Darbyshire and Shepherd, 1994), and zircon dating 
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of inherited cores (Soultz; Cocherie et al., 2004). The actual nature of the basement rocks – and the 
amount of available information about them – is variable. 
 
Big Lake Suite 
The Warburton Basin is underlain by Proterozoic to mid-Ordovician Adeladian metasedimentary 
rocks, including protomylonitic gneiss (interpreted as being part of the Arunta block; Rankin and 
Gatehouse, 1990), quartz-sericite schist, and orthoquartzite, which have been intercepted in wells 
across the Cooper Basin area (Meixner et al., 1999; McLaren and Dunlap, 2006).  
 
Cornwall 
Pre-Palaeozoic basement is not exposed in the Cornubian Batholith. Depleted mantle model ages 
calculated from Nd isotopes – 1788–1271 Ma – imply the source of the granites is mid-Proterozoic 
(Darbyshire and Shepherd, 1994), although it should be noted this reflects the gross mean age of the 
sedimentary material in the source and not the age of the supracrustal source. The 1788–1271 Ma 
age disagrees with earlier work by Hampton and Taylor (1983), however. Following a review of 
existing Rb-Sr age and isotope data for southern Britain and comparison with the plumbotectonics 
model (describing variations in initial Pb isotopic composition) of Doe and Zartman (1979), 
basement was calculated to be ~800 Ma with an upper limit of 1200 Ma using Pb isotope data on 
feldspars and 87Sr/86Sr data (Hampton and Taylor, 1983). Late Cambrian inherited zircons have 
been dated at 499 +8/-3 Ma by SHRIMP II U/Pb zircon (Sandeman et al., 1997) in pre-rift 
basement outcrops such as the Man Of War gneiss in the Lizard Complex (south of the 
Carnmenellis, south-east of Land’s End). 
 
Soultz-sous-Forêts  
Insight into underlying basement was provided by SHRIMP II dating of 11 zircon grains (17 spot 
analyses) from the two-mica granite at 5058 m depth which dated eight inherited ages: 2106 ± 14, 
1524 ± 12, 690 ± 12, 654 ± 11, 561 ± 7, 541 ± 5, 428 ± 4, and 424 ± 3 Ma (Cocherie et al., 2004).  
Although there has been no attempt to identify potential basement sources for inherited grains in 
Soultz (Alexandrov et al., 2001; Cocherie et al., 2004; Hooijkaas et al., 2006; Cathelineau and 
Boiron, 2010), other techniques utilised in nearby areas provide insight. Nd TDM model ages for 
Late Neo-Proterozoic sediments in the Saxo-Thuringian zone range from 1.8–1.3 Ga (Linnemann 
and Romer, 2002), suggesting a source area of old cratonic crust. U/Pb SHRIMP dating of detrital 
zircons is also informative; Ediacaran sediments from Cadomian basin deposits (Fig. 2.12) 
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highlight age groupings from 2.2–1.8 Ga (Palaeo-Proterozoic) – possibly related to magmatic 
intrusions in western Gondwana during the Eburnean Orogeny – and 690–550 Ma (late Neo-
Proterozoic) (McCann, 2008). Within the Saxo-Thuringian zone, the Cadomian (late Neo-
Proterozoic) basement (greywacke, turbidites, quartzites, submarine volcanics and granitoid 
intrusions) was intruded by post-kinematic plutons ~540–530 Ma as a result of crustal extension 
(Linnemann et al., 2000; Linnemann and Romer, 2002).  
  
2.1.6 Source rock composition 
For all study areas the granitic magma source is believed to be predominantly crustal, with varying 
contributions from enriched mantle (both thermal and material) postulated (Rummel, 1992; 
Boucher, 2003; Shail et al., 2003).  
 
Big Lake Suite 
Source rock composition for the BLS granites is strongly debated (2.1.1). Phosphate-rich accessory 
minerals (apatite, monazite, xenotime) and fluorine-rich fluids in the BLS (Gatehouse et al., 1995; 
van Zyl et al., 2010; Middleton et al., 2014) – similar to those observed in the clearly S-type 
Cornubian granites – do not support an I-type source. The granites also have highly variable ASI 
liquidus : hornblende, rare sphène, alla-
nite, biotite, orthose, plagioclase), (2) un
stade d’ascension et de mise en place du
magma à 1,5-2,0 kb (4,5-5,5 km) et 665-
715 °C, marqué par la fin de cristallisation
de la hornblende et de la magnétite, déve-
loppement du litage magmatique et
consolidation de la matrice quartzo-feld-
spathique. La mise en place du monzogra-
nite est accompagnée d’un magmatisme
shoshonitique synchrone représenté par
des enclaves de monzogabbrodiorites,
monzodiorites quartzifères, monzonites
quartzifères et syénites quartzifères forte-
ment enrichies en K, Th, U, et terres rares.
Les rapports initiaux du strontium (87/86Sr
= 0.7058), ainsi que les simulations par
bilans de masse et fractionnement d’élé-
ments traces, il est suggéré que le monzo-
granite aurait une origine essentiellement
crustale impliquant un constituant
mantello-dérivé représenté le plus proba-
blement par les monzodiorites quartzifères
rencontrées en enclaves.
D’après les datations isotopiques
Rb/Sr à 325 Ma, K/Ar (321 ± 8 Ma),
40Ar/39Ar (319,8 ± 0,6 à 322,4 ± 0,4 Ma ;
âges de refroidissement) et U/Pb sur
zircon (331 ± 9 Ma ; âge de mise en
place), le monzogranite s’est mis en place
à la limite du Viséen supérieur et du
Namurien. Le monzogranite de Soultz
constitue de ce fait l’une des dernières
manifestations plutoniques actuellement
connues dans le domaine de la ride cris-
talline médio-germanique. Par ses
caractéristiques pétrologiques (Th, U, Y,
Zr, terres rares), il s’apparente davantage
aux monzogranites shoshonitiques de
Senones et Natzwiller (Vosges septentrio-
nales) qu’aux granites ultimes de l’unité
III de l’Odenwald (Heidelberg, Tromm).
L’âge de mise en place et la structure
magmatique fruste indiquent pour le
monzogranite de Soultz une mise en place
syn- à post-D4 par rapport aux phases de
déformation de l’Odenwald. Celle-ci
s’inscrirait dans un contexte collisionnel
à post-collisionnel des zones externes
septentrionales de l’orogène varisque
centre-ouest européen.
Introduction
The Soultz-sous-Forêts site in the
Rhine Graben (Alsace, France) has been
selected as one of the three main areas in
Europe for demonstrating the feasibility of
the Europe Hot Dry Rock (HDR) concept
(Bresee, 1992), because of its high geot-
hermal gradient (Gérard and Kappelmeyer,
1987) that probably results from the
upwelling of hot fluids from depth
(Clauser, 1989). It is located along the
Rhine Graben where several geothermal
anomalies are known.  The physical char-
acteristics of the heat exchanger have been
investigated through structural, mechan-
ical, and thermal studies, as well as model-
ling based on logging of the three wells
GPK1, GPK2 and EPS-1 (Traineau et al.,
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Fig. 1.- Geological sketch map and location of the Soultz monzogranite in the Variscan Saxo-Thuringian
zone (after Franke, 1989a, simplified).
Abbreviations: VFL:Variscan Front Line; RH: Rheno-Hercynian zone; ST: Saxo-Thuringian zone;
MGCR: Mid-German Crystalline Rise;  MO: Moldanubian zone; BM: Bohemian massif; V: Vosges; BF:
Black Forest; RE: Rhine Graben escarpment intrusions; W: Windstein; S: Soultz; CF: Champ-du-Feu;
Se: Senones; B: Ballons.
Fig. 1.- Le site de Soultz dans son cadre géologique Saxo-Thuringien (d’après Franke (1989a) simplifié). 
Abréviations : VFL : front varisque ; RH : zone rhéno-hercynienne ; ST : Saxo-Thuringien ; MGCR :
Ride cristalline médio-germanique ; MO : Moldanubien ; BM : Massif de Bohême ; BF : Forêt-Noire ;
RE : intrusions du talus rhénan occidental.  Autres abréviations, cf. légende anglaise.
Figure 2.12 – Location of Ediacaran sediments (Cadomian basement of the Saxo-Thuringian Zone, NE Bohemian 
Massif) containing detrital zircons (dashed line; based n Linnemann, 2007) in relation to the Soultz granite (solid 
line). Soultz is in the French p rt of the Saxo-Thuringian Zone. Figure after Stussi et al. (2002). For basement 
geology, see Linnemann (2007). 
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contents (2.1.1), often on the I-/S-type boundary of Chappell (1999); however, as discussed in 2.1.1 
and 2.1.2, alteration of the granite means the ASI is unlikely to reflect the original magma 
composition. 
 
Cornwall 
Darbyshire and Shepherd (1994) postulated the existence of a dominantly crustal source – 
greywacke and mafic metavolcanic rocks – based on 87Sr/86Sr ratios of 0.710–0.716 and εNd values 
of -4.7 to -7.1, with a minor mantle contribution. Crustal underplating by an enriched mantle source 
(basalt) following regional extension could lead to magma mixing and incorporation of a mantle 
signature. Darbyshire and Shepherd (1994) noted variation in Nd isotopes between the plutons, with 
εNd of -7 (fine- to medium-grained variably megacrystic granite) to -7.5 (equigranular granite) for 
the Carnmenellis pluton, and -6.1 to -6.2 (megacrystic coarse-grained granite) for Land’s End, 
although Müller et al. (2006) recorded a value of -6.9 for the same granite. The more negative εNd 
values measured in the Carnmenellis indicate a greater contribution of continental crust to the melt 
compared to Land’s End (White, 2005). 
 
Soultz-sous-Forêts  
The monzogranite is believed to have a predominantly crustal origin with a ‘high fraction of mantle 
derivatives’ implied by a low initial 87Sr/86Sr of 0.7058 (Rummel, 1992, Stussi et al., 2002); ocean 
basalts are 87Sr-depleted (~0.703) whereas continental crustal rocks are 87Sr-enriched (0.710 to 
0.740; Faure and Mensing, 2005). In Soultz proposed crustal source materials include metamorphic 
greywacke (although unlikely due to the metaluminous nature of Soultz), granulite, amphibolite or 
meta-igneous rocks, with a minor mantle contribution (Rummel, 1992; Roberts and Clemens, 1993; 
Stussi et al., 2002). Melting of a crustal source such as a metagreywacke would result in a 
peraluminous melt composition (Miller, 1985; Conrad et al., 1988; Vielzeuf and Montel, 1994; 
Patiño Douce and Beard, 1995), instead of the metaluminous, high-K, calc-alkaline composition – 
and associated accessory mineral assemblage (titanite and allanite) – seen in Soultz (Stussi et al., 
2002). Also, mafic enclaves (monzogabbrodiorite) associated with the monzogranite imply close 
spatial and temporal association with a mantle-derived magmatic component (Stussi et al., 2002; 
Shail et al., 2003).  
 
Summary 
Current uncertainties regarding source rock composition of the BLS granites can be effectively 
tackled in this thesis by using LA-ICP-MS U/Pb dating of inherited zircon cores to gain insight into 
possible source rock age. By comparing the age of inherited zircons with ages of sequences 
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recorded in the literature a possible source composition could be proposed. Inherited zircons 
corresponding to past episodes of regional magmatism can also provide insight into the regions the 
magma is sampling. The granites of the Cornubian Batholith are identified as S-type based on their 
accessory mineral assemblage, whole rock chemistry and ASI >1.22, but our understanding of 
potential source rock compositions can be enhanced through studying elemental abundances in 
inherited zircon cores. The significance of a mantle contribution in the Soultz monzogranite 
remains debated as the only evidence is a low initial 87Sr/86Sr of 0.7058 (Rummel, 1992), but, 
nevertheless, it is still identifiable as an I-type granite based on accessory mineralogy and whole-
rock elemental abundances.  
 
2.1.7 History of regional magmatism 
Big Lake Suite 
In the Warburton Basin there is evidence for two episodes of volcanic activity prior to emplacement 
of the BLS – the Mooracoochie Volcanics, and the Jena and Pondrine Basalts (Gatehouse, 1986). 
The Mooracoochie Volcanics were dated to 517 ± 9 Ma by U/Pb zircon (Sun and Gravestock, 2001) 
and contain pink tuff, red-brown trachyte, sodic trachyte, rhyolite and crystal tuff in the Gidgealpa 3 
well type section (Gatehouse, 1983, 1986). The Mooracoochie Volcanics were included in the 
Gidgealpa Volcanic Arc of Gatehouse (1986) and are postulated to extend to the southeast and join 
the Mt Wright Volcanic Arc (Gatehouse, 1986). Later work by Sun (1996) identified the 
Mooracoochie Volcanics as the first of two phases of volcanism in the Warburton Basin associated 
with rifting (geochemistry and volcano-sedimentary facies analysis). The second phase of 
volcanism (Jena Basalt) occurs in the Middle to early Late Cambrian and features alkaline basaltic 
lava facies with within-plate geochemical affinities (Sun, 1996; Purdy, 2013).  
 
Cornwall and Soultz-sous-Forêts  
Pre-rift basement (>500 Ma) in the Lizard Complex, Cornwall, exposes the Man of War Gneiss 
which has elemental abundances characteristic of formation in a supra-subduction zone 
environment, and a magmatic U/Pb zircon age of 499 +8/-3 Ma (Sandeman et al., 1997); 40Ar/39Ar 
step-heating analyses of amphiboles suggest an amphibolite-grade metamorphic event occurred 
~374 Ma (Sandeman et al., 1997). SHRIMP U/Pb zircon dating on granodiorites recorded similar 
magmatic ages to the Man of War Gneiss: 502 ± 23 and 473 ± 11 Ma, and 490 ± 7 and 488 ± 9 Ma 
(Nutman et al., 2001; Clark et al., 2003). Prior to emplacement of the Cornubian Batholith, syn-
convergent granite magmatism was also recorded at 373 ± 6 Ma (U/Pb zircon) in the Veryan 
Nappe, south of the Carnmenellis pluton (Dörr et al., 1999). In mainland Europe (Soultz), the 
climax of the Variscan Orogeny (see 2.1.4.), was 345–313 Ma (Stussi et al., 2002). However, prior 
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to this period of post-extensional magmatism, minor arc magmatism occurred during the 
Ordovician–Silurian (Oncken, 1997). 
 
2.1.8 Previous dating techniques 
Big Lake Suite 
Whole-rock Rb/Sr dating generated ages of 362–333 Ma (Webb, 1974), depending on the initial 
ratio (Gatehouse, 1986). Zircon dating was conducted on samples from two wells – Moomba 1 and 
McLeod 1 – using ID-TIMS and SHRIMP. For Moomba 1, seven to eight zircons (weighing ~0.018 
mg) were dissolved, producing an upper intercept age of 342 ± 28 (MSWD 2.4), with the large 
uncertainty attributed to influence of inherited Proterozoic zircons (Gatehouse et al., 1995). 
SHRIMP analyses of the same sample generated a weighted mean emplacement age of 323 ± 5 Ma 
(Gatehouse et al., 1995). The McLeod 1 granite was dated to be slightly younger, producing an 
upper intercept of 310 ± 17 Ma (MSWD 7.2), with the high MSWD again considered to represent 
analysis of inherited zircons (Gatehouse et al., 1995). SHRIMP analyses produced slightly offset 
ages, with a crystallisation age of 298 ± 4 Ma (Gatehouse et al., 1995). The SHRIMP ages have 
been favoured due to the small analytical spot, reducing the risk of concurrently analysing inherited 
zircon. The SHRIMP technique also provided better age constraints and smaller errors compared to 
the ID-TIMS results (although MSWDs for SHRIMP ages are not reported) (Gatehouse et al., 
1995). 
 
Cornwall 
The Carnmenellis and Land’s End plutons have been dated by U/Pb monazite to be temporal end-
members of the Cornubian Batholith (Chen et al., 1993; Chesley et al., 1993). The Carnmenellis 
pluton is the oldest, with U/Pb monazite ages of 293.2 ± 0.7 and 293.7 ± 0.6 Ma (Chen et al., 1993; 
Chesley et al., 1993). The Land’s End pluton is the youngest, dated to between 278.5 ± 1.4 and 
274.8 ± 0.5 Ma (U/Pb monazite), with the difference interpreted as indicative of emplacement over 
3–5 Myr (Chen et al., 1993; Chesley et al., 1993; Chappell and Hine, 2006). Whole-rock Rb/Sr ages 
were calculated to 290 ± 2 Ma and 268 ± 1 Ma for the Carnmenellis and Land’s End plutons, 
respectively (Chen et al., 1993). Chen et al. (1993) suggested the discrepancy between the monazite 
and Rb/Sr dates was due to country rock contamination and subsequent open-system exchange with 
hydrothermal fluids affecting the isotope ratios, with Rb/Sr no longer applicable to the age of 
crystallisation. 
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Soultz-sous-Forêts  
Whole-rock Rb/Sr dating obtained an emplacement age of 325 ± 6 Ma, but post-magmatic 
hydrothermal alteration is believed to have contributed to a loss in radiogenic Sr (Rummel, 1992). 
40Ar/39Ar dating of biotite was conducted on samples from 2207.5 m (322.4 ± 0.4 Ma) and 3876 m 
depth (319.8 ± 0.6 Ma); the minor age difference was accorded to the top-to-bottom cooling effect 
within the pluton (Stussi et al., 2002). Previous U/Pb zircon dating was done using SHRIMP: three 
samples from well GPK2 were taken by Alexandrov et al. (2001) at 4626 m (5 analyses), 4831 (6 
analyses) and 5016 m (7 analyses), with fifteen analytical spots producing a weighted mean age of 
331 ± 9 Ma (MSWD 4.9). The high MSWD (>2) is indicative of the presence of more than one age 
population, and could reflect an influence from inherited zircons. In another study five dissolved 
fractions of zircon (29 grains) from EPS-1 (1820 m) were dated to 334 +3.8/-3.5 Ma (MSWD 0.85) 
using TIMS (Cocherie et al., 2004). Zircons from 5058 m depth in GPK-2 were analysed by 
SHRIMP II due to the presence of inherited cores. Seven Hercynian ages were obtained from 17 
analytical spots on 12 grains, generating an apparent emplacement age of 327 ± 7.3 Ma (MSWD 
6.2). The MSWD is suggestive of more than one age population; this could be accounted for in part 
by the mostly concordant inherited ages: 2106 ± 14; 1524 ± 12; 690 ± 25; 550 ± 10 and 428 ± 7 Ma.  
 
2.2 Summary 
 
A summary of the information discussed in this chapter is presented in Table 2.4, enabling direct 
comparisons between the granitic provinces.  
 
Table 2.4 – Summary of literature information presented in this chapter to enable comparison 
between granitic provinces. For references, see corresponding section in text. 
 Big Lake Suite Cornwall Soultz-sous-Forêts  
Granite type Characteristics of I-, S- and A-type 
S-type I-type 
Rock-forming 
mineralogy 
30–46% quartz 
46–60% K-feldspar 
5–11% plagioclase 
3–5% biotite 
0–3% muscovite 
Minor sericite, kaolinite, 
illite and chlorite 
31–36% quartz 
28–33% K-feldspar 
22–24% plagioclase 
3–6% biotite 
4–7% muscovite 
 
Minor magnesian 
siderophyllite, cordierite, 
ferroan polylithionite 
22% quartz 
25% K-feldspar 
43% plagioclase 
6% biotite 
2% hornblende 
 
Minor muscovite 
Accessory 
mineralogy 
Zircon 
Fluorite 
Opaques  
Goethite 
Zircon 
Fluorite 
Rutile 
Apatite 
Zircon 
Apatite 
Titanite 
Magnetite 
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Rutile 
Galena 
Pyrite 
Thorite 
Apatite 
Monazite 
Xenotime 
Monazite 
Xenotime 
Tourmaline 
Ilmenite 
Andalusite 
Uraninite 
Ilmenite 
Chlorite 
Titanite 
Topaz 
Hematite 
Allanite 
Size and 
emplacement 
of the granite 
bodies 
Estimates vary from ~100 
km by 30 km to ~170 km 
by 40 km 
Cornubian batholith 250 
km by 20–40 km 
 
Carnmenellis pluton 130 
km2 
 
Land’s End pluton 190 
km2 
~100 km2 
Tectonic 
setting of 
granite 
emplacement 
Variably described as 
compressional and 
extensional 
 
Intra-continental 
Post-collision extension 
 
Intra-continental 
Post-collision extension 
 
Intra-continental 
Age and nature 
of possible 
basement 
rocks 
Proterozoic to mid-
Ordovician metasediments 
– gneiss, quartz-sericite 
schist, orthoquartzite – 
intercepted in wells, 
underlying the Warburton 
Basin 
Pre-Palaeozoic basement 
is not exposed in the 
Cornubian Batholith 
 
Late Cambrian inherited 
ages have been U/Pb 
zircon dated to 499 +8/-3 
Ma in an outcropping 
pre-rift basement gneiss 
in the nearby Lizard 
Complex 
SHRIMP II dating of 
zircons from the 
underlying two-mica 
granite provided eight 
inherited ages: 2106 ± 
14, 1524 ± 12, 690 ± 
12, 654 ± 11, 561 ± 7, 
541 ± 5, 428 ± 4, and 
424 ± 3 Ma 
 
There has been no 
attempt to identify 
potential basement 
sources for these 
inherited zircon grains 
Source rock 
composition 
Strongly debated 
 
The strong level of 
alteration means ASI 
values are unlikely to 
represent the original 
magma composition 
Predominantly crustal 
 
Greywacke and mafic 
metavolcanics based on 
87Sr/86Sr ratios and εNd 
values, with a possible 
minor mantle 
contribution 
Predominantly crustal 
with a mantle input 
 
Suggestions for 
possible crustal 
materials include 
metagreywacke, 
granulite, amphibolite 
or meta-igneous rocks 
History of 
regional 
magmatism 
Two episodes of prior 
volcanic activity: 
Mooracoochie Volcanics 
(517 ± 9 Ma; U/Pb zircon) 
and the Jena and Pondrine 
Granodiorites record 
U/Pb zircon dates of 502 
± 23 and 473 ± 11 Ma, 
and 490 ± 7 and 488 ± 9 
Ma 
Minor arc magmatism 
occurred during the 
Ordovician–Silurian 
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This project can begin to address compositional variations within and between plutons over time in 
the BLS and Cornwall. In the BLS there is uncertainty regarding the relationship between the 
plutons in the northeast and southwest of the granitic body. Analysis of samples from both plutons 
will highlight any similarities and differences, enabling a more definitive assessment. If there are 
differences (texturally, compositionally) between the plutons it could reflect the emplacement of 
magma pulses with different evolutionary histories, potentially affecting HPE enrichment and heat 
production across the region. It is therefore important to establish if (1) the BLS granodiorite 
represents a composite body of pulsed magma injections, and (2) there is an associated variation in 
heat-production across the BLS that would impact EGS development.  
 
Previous dating has helped define the sampling objectives in this study. In the BLS a combination 
of CL-SEM imaging and U/Pb dating allow for targeted analysis of (inherited) zircon cores to 
establish whether the assumption of Gatehouse et al. (1995) – that high ID-TIMS MSWD values 
were due to Proterozoic zircons – is valid. This is also significant as it relates to one of the research 
questions: is there a source control on enrichment (e.g., the presence of pre-enriched Proterozoic 
basement)? Zircon U/Pb dating of samples from the two BLS plutons will also be used to inform 
the discussion regarding the emplacement history of the BLS.  
 
In Cornwall the Carnmenellis and Land’s End plutons represent temporal end members of the 
batholith, and it is therefore possible to investigate elemental changes to the magma feeding these 
plutons over a period of ~20 Myr. Targeted LA-ICP-MS analyses of inherited cores (identified 
Basalts (Middle to early 
Late Cambrian) 
 
Syn-convergent granite 
magmatism was also 
recorded at 373 ± 6 Ma 
(U/Pb zircon) 
Previous 
dating 
techniques 
362–333 Ma (whole-rock 
Rb/Sr) 
 
342 ± 28 Ma (Moomba) 
310 ± 17 Ma (McLeod; 
zircon, ID-TIMS) 
 
323 ± 5 Ma (Moomba) 
298 ± 4 Ma (McLeod 
zircon, SHRIMP) 
293.2 ± 0.7 and 293.7 ± 
0.6 Ma (U/Pb monazite; 
Carnmenellis) 
 
278.5 ± 1.4 and 274.8 ± 
0.5 Ma (U/Pb monazite; 
Land’s End) 
 
290 ± 2 Ma 
(Carnmenellis) 
268 ± 1 Ma (Land’s End; 
whole-rock Rb/Sr) 
325 ± 6 Ma (whole-
rock Rb/Sr) 
 
322.4 ± 0.4 Ma and 
319.8 ± 0.6 Ma 
(40Ar/39Ar dating of 
biotite) 
 
331 ± 9 Ma (zircon, 
SHRIMP) 
 
334 +3.8/-3.5 Ma 
(zircon, TIMS) 
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through CL-SEM imaging) will see if the plutons are sampling a similar source region or whether it 
changes with time. Zircon U/Pb dating has previously been disregarded in the Cornubian Batholith 
as the high U content is thought to affect zircon stability (Chen, 1995); this study will therefore also 
assess the type and quality of information that can be gathered from high U (>2000 ppm) zircons. 
Previous zircon U/Pb dating in Soultz has produced high MSWDs, potentially indicative of multiple 
age populations (Alexandrov et al., 2001); however, no evidence exists showing attempts to 
distinguish possible age populations. Targeted analyses of zircon cores will investigate the possible 
influence of inherited zircons.  
 
This project will conduct LA-ICP-MS U/Pb zircon dating on granite samples from all case study 
areas; the key difference of this study is that age and chemical data are gathered simultaneously, 
enabling changes in elemental abundances through time to be scrutinized (suitability of this method 
is discussed in Chapter 3). 
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Chapter 3 -  
Approach and methodology 
 
 
Three HHPG examples will be studied to address one of the overarching research questions: do 
different HHPGs exhibit different enrichment histories? These HHPGs record different elemental 
abundances and mineral assemblages, indicative of different source compositions: S-type 
(Cornwall), I-type (Soultz) and potentially A-type (BLS). These three suites provide an opportunity 
to address the research question ‘how does the compositional variability of granites affect the extent 
of HPE enrichment?’ Through comparing the lithologies, HPE-bearing mineral assemblages, 
basement rocks, tectonic settings and regional magmatic histories of these three compositionally 
different HHPGs I can also address the second overarching research question: are there certain 
combinations of factors that make a granite more likely to be high heat-producing?  
 
3.1 Sample selection and geological context 
Big Lake Suite 
The BLS granites within the Warburton Basin are thought to comprise two shallow, subsurface 
plutons extending from a larger granite batholith at depth (Fig. 2.8; Meixner et al., 2000), with one 
pluton to the northeast (50 km long, 26 km wide) and another to the southwest (36 km long, 28 km 
wide; Meixner et al., 2000; Fig. 2.9). To ascertain age and chemical variations between the plutons, 
samples were taken from two wells in the southwest pluton (Big Lake 1 and Moomba 1; Fig. 2.9) 
and four wells in the northeast pluton (Habanero 1, Habanero 2, Jolokia 1 and McLeod 1; Fig. 2.9). 
Sample depths, and their position relative to the top of the granite basement, are listed in Table 
A1.14, Appendix 1. By collecting samples from wells corresponding to the different plutons, and at 
different depths, it will be possible to examine similarities and differences within and between 
plutons in terms of elemental composition and style of magma emplacement. If U/Pb zircon ages 
vary systematically with depth the plutons may have been emplaced as a series of stacked sheets. If 
there is no correlation of zircon age with depth magma could have been emplaced at different 
depths as a series of dikes. The least altered granites were sampled (below ~2500–3000 m 
depending on the drill hole; Table A1.14) to examine the primary mineralogy; ~90 m of weathered 
granite overlies the comparatively fresh basement granites in some areas (Gatehouse, 1986).  
 
Cornwall 
Early work on the Carnmenellis pluton classified three granite types (Ghosh, 1934), but later work 
concluded the only differences between Type 1 and Type II were slight variations in Rb 
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concentration and biotite abundance (Al-Turki and Stone, 1978). Work on composite granites has 
informed the idea that pluton emplacement occurs through a series of magma pulses (Coleman et 
al., 2004; Glazner et al., 2004; Miller, 2008), and in Cornwall samples were collected from the 
Type I (CBM1, Carnsew Quarry) and Type II granites (RQ1, Rosemanowes Quarry; Fig. 2.6a) from 
the Carnmenellis pluton, the oldest of the Cornubian granites, to examine if there are any 
compositional differences in zircons. This smaller scale investigation will enable an assessment of 
whether the granites had sampled the same source region and undergone similar enrichment 
histories. A sample of coarse-grained megacrystic granite from Lamorna Cove (LC1, Land’s End; 
Fig. 2.6b) was also selected, as the Land’s End pluton is the youngest of the Cornubian granites. 
Sample details in Appendix 1, Table A1.15. All samples appear relatively unaltered (minimal 
alteration to clay minerals). Comparing samples from plutons forming temporal end members of the 
Cornubian Batholith will allow for investigation into how regional enrichments developed through 
time, and the possible effects of changes in source composition on the degree of enrichment. The 
three samples selected for this study cover different granite types and temporal end members within 
the Cornubian Batholith. There are few samples as they originate from hand samples collected from 
disused quarries; their original depth within their respective plutons is unknown, and therefore it 
would be difficult to meaningfully constrain and interpret any measured age or compositional 
differences from multiple samples collected across the exposed areas of the pluton. 
 
Soultz-sous-Forêts  
Sample K102 (1608.1 m depth) is from the unaltered portion of the standard porphyritic granite 
(1545–3500 m depth; Fig. 2.10) in the Exploration Puits Soultz-1 (EPS-1) well (Hooijkaas et al., 
2006). U/Pb zircon dating has been conducted on the porphyritic monzogranite (2.1.8) (Alexandrov 
et al., 2001; Cocherie et al., 2004). However, Cocherie et al. (2004) described this same unit as a 
‘very homogeneous granitic rock’ suggesting there may be some variability within the petrographic 
facies. I have therefore chosen a sample from the same facies but with the distinct K-feldspar 
megacrysts described by Hooijkaas et al. (2006) on which to conduct this research. Sample 
availability is limited within the Soultz granite; extensive weathering has affected a large proportion 
of the granite (Fig. 2.10), and not much unaltered granite is available from the drill hole. Of the 
samples offered by Albert Genter, the least altered was selected for this study. Assessing the 
unaltered granite from an I-type against unaltered granites from an S-type (Cornwall) and a 
potential A-type (BLS) will facilitate comparison and highlight disparities in elemental enrichments 
and the timing of these enrichments between HHPGs. It should be noted, however, that the limited 
number of samples from the European analogues means that conclusions drawn for these sites will 
be less robust than those for the more numerous BLS samples.  
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3.2 Discussion of the methods and techniques used in this research  
3.2.1 Thin section petrography 
Mineral proportions, textures and grain size distributions of the primary rock-forming minerals 
were determined and the accessory mineral assemblage classified (4.1, 6.1.1, and 6.2.1). Thin 
section petrography also clarifies the degree of alteration, later helping interpretation of whole-rock 
geochemical data by establishing which elements were mobile; alteration has since overprinted (at 
times quite significantly) some primary minerals, in particular plagioclase and K-feldspar.  
 
Zircon location in thin section was studied to establish the location and relative timing of 
crystallisation of this HPE-bearing mineral. If zircon is armoured within a grain (e.g., biotite) it 
crystallised prior to minerals along grain boundaries (Clemens, 2003). Zircons may also be 
preferentially associated with a mineral with a specific elemental composition, e.g. Fe-Ti oxides 
(Bacon, 1989), and thin section petrography enables identification of these relationships.  
 
3.2.2 Cathodoluminescence images – zoning patters and relations to morphology. 
CL zircon imaging was conducted on a JEOL JSM-6610A SEM using a Robinson Detector at the 
ANU. Images were taken at 15 kV, spot size 60. Reflected light imaging on a petrographic 
microscope was later conducted at UQ to see if the ablation site had intersected a fracture or 
inclusion which could influence age and elemental abundances. 
 
CL-SEM provides high-spatial resolution images of incremental growth stages (Corfu et al., 2003; 
Timms and Reddy, 2009), critical for guiding and interpreting chronochemical analyses. Zoning 
patterns – grey-scale variations in CL images – provide evidence for changing elemental 
abundances over time (Marshall, 1988; Hanchar and Rudnick, 1995). Bright, CL emitting, bands 
generally indicate the presence of Hf, P, Y, U, Th and the trivalent REEs – Dy3+ the dominant CL 
emitter – along with Sm3+, Eu2+ and Tb3+ (Marshall, 1988; Redmond et al., 1992; Hanchar and 
Rudnick, 1995). Dark, CL suppressed, bands often represent zones of radiation damage following 
U4+ alpha decay, with increased dislocation density in the crystal structure leading to a loss of CL 
response (Nasdala et al., 2003; Timms and Reddy, 2009). Non-luminescence in zircon cores can 
suggest an extended period of radiation damage (e.g., from a xenocrystic core; Corfu et al. 2003) or 
U enrichment derived from an enriched source, whereas dark bands around the rim may indicate U 
enrichment occurred at a later stage and was of magmatic (or hydrothermal) origin. Black CL cores 
and white CL rims would suggest HPE enrichment occurred relatively early in a magma’s 
evolution, whereas white CL cores and black CL rims indicate the highest levels of enrichment 
were attained far later, likely around the time of emplacement. This scenario requires both the core 
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and the rim to have crystallised as part of the same igneous process, and for there to be no inherited 
core. Growth and resorption zones reflect changes in Zr-saturation levels, potentially indicative of 
new magma injections or more localised elemental variations (Corfu et al., 2003).  
 
Zoning can be influenced by the nature of the crystal-liquid interface, the degree of melt 
supersaturation, the rate of element diffusion, the oxidation state of the magma and the velocity and 
stage of the crystal growth (Mattinson et al., 1996). The cause of sector zoning is debated, but could 
relate to rapid changes in crystallisation environment during crystal growth (Paterson and Stephens, 
1992), the relationship between growth rate and lattice diffusivity (Watson and Liang, 1995), 
dynamics at the zircon/melt interface, different rates of crystal growth for crystal faces with 
different compositions (Hoskin, 2000), changes in growth rates on rough crystal faces, and the 
degree of saturation in the surrounding melt (Vavra et al., 1996). Convolute zoning occurs because 
trace elements are displaced from trace-element rich regions to regain a composition closer to that 
of pure zircon; impurities are concentrated in trace-element rich convolute zones and homogeneous, 
low-U zones that crosscut growth zones. Recrystallisation is thought to be promoted by 
magmatically derived aqueous fluids (Pidgeon, 1992; Schaltegger et al., 1999).  
 
3.2.3 Zircon chronochemistry 
A variety of techniques can be used to date zircon – SHRIMP, TIMS and LA-ICP-MS – and for this 
study LA-ICP-MS is preferred. Numerous petrologic studies have demonstrated the ability to 
rapidly collect large numbers of analyses cost effectively using LA-ICP-MS (Košler et al., 2002; 
Bryan et al., 2004; Harris et al., 2004; Chang et al., 2006; Bryan et al., 2008; Linnemann et al., 
2008), with the additional benefit of measuring U/Pb isotopic compositions simultaneously with 
geochemical data. Geochemical information is limited in techniques such as SHRIMP and TIMS 
which are suited to precise U/Pb age determinations (Liu et al., 2011), especially of young volcanic 
rocks (Miller et al., 2007, and references therein), something not required in this study. Also, in the 
case of the BLS and Soultz granites, previous studies have already dated zircons using SHRIMP 
(Gatehouse et al., 1995; Alexandrov et al., 2001; Cocherie et al., 2004). In this thesis nine rock 
samples are studied, and zircon LA-ICP-MS analyses on each sample will generate vast amounts of 
information regarding the timing of magma emplacement, the compositional variation within the 
magma, the presence of inherited grains (and therefore information about the possible sample 
protolith), and, through CL-SEM imaging, the crystallisation histories of each grain. This 
information is combined with whole-rock data to infer the history of the sample from source to 
emplacement. 
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Zircon chronochemistry combines age and chemical information from an area within a single 
zircon, whereas zircon geochronology dates a region of a single zircon (or multiple zircons if using 
a dissolution technique) and has minimal accompanying chemical information (U, Th and Pb 
concentrations). Gathering these two data sets simultaneously provides spatial control on zircon 
composition and age, enabling assessment of the timing of elemental enrichments and depletions. If 
enrichment (of U and Th) is found in inherited grains it could imply a source origin, whereas 
enrichment dating to the time of emplacement suggests development through late-stage, magmatic 
processes. Analysing the results from this technique will address one of the research questions: 
when do granitic magmas become enriched in the HPE? 
 
Zircon (ZrSiO4) has become a widely used geochronometer due to its ability to remain chemically 
and physically stable in most geological environments (Watson, 1996), and to incorporate U and Th 
into its crystal structure whilst actively excluding non-radiogenic Pb (Hoskin and Schaltegger, 
2003). Zircon hosts three radioactive decay series: 238U/206Pb, 235U/207Pb and 232Th/208Pb (Dickin, 
2004). Measuring 238U/206Pb and 235U/207Pb ratios and calculating their corresponding ages can 
determine whether the zircon has remained in a closed system (ages agree within the uncertainties 
of measurement), or if the inclusion of common Pb or radiogenic Pb loss have affected the decay 
series leading to an apparently older or younger age (Ashwal et al., 1999; Harley and Kelly, 2007).  
 
Zircon incorporates trace (up to thousands of ppm) or minor (up to 3 wt.%) amounts of elements 
such as the REE, lithophile elements (Sc and Y), Ti, Hf, Th, U, Nb, Ta, V and P (Rollinson, 1993; 
Hoskin and Schaltegger, 2003; Harley and Kelly, 2007); some of these elements (P, Ti, Y, La, Ce, 
Eu, Dy, Lu, Hf, Pb, Th and U) are analysed during LA-ICP-MS analyses. Zircon hosts a significant 
proportion of the whole-rock U, Th, Hf and REE budget (Sawka and Chappell, 1988; Bea, 1996b), 
and variations in element concentrations record magma mixing and fractionation processes (Hoskin 
et al., 2000; Finch and Hanchar, 2003; Hoskin and Schaltegger, 2003). The REE are generally 
considered incompatible in the major rock-forming minerals as their large ionic radii and high 
charge means they cannot substitute easily; REE concentrations in the melt continue to increase 
until accessory mineral crystallisation (in which the REE are compatible). The REE generally 
exhibit similar geochemical behaviours, however variations in ionic radii (0.116 nm for La to 
0.0977 for Lu) result in preferential accessory mineral uptake; the ionic radii of the HREE are 
closer to that of zirconium (0.084 nm), leading to enrichment over the LREE (Hanchar and van 
Westrenen, 2007). Trace elements can be incorporated into the crystal structure through simple 
[(U4+, Th4+, Ti4+) = Zr4+)], or coupled [(Y3+,REE3+)P5+ = Zr4+,Si4+] substitution mechanisms (Hoskin 
and Schaltegger, 2003; Harley and Kelly, 2007). Most cations in zircon have very low diffusivities 
 40 
(Pb, REE and the tetravalent cations; Cherniak and Watson (2003)) thereby preserving chemical 
signatures from the time the zircon was last in contact with the melt (Cherniak and Watson, 2003; 
Harley and Kelly, 2007). Zones with distinct geochemical abundances can be targeted for analysis 
when guided by grey-scale CL-SEM imaging (3.3.1.2).  
  
The stability of zircon and its low solubility in hydrous granitic melts (Watson and Harrison, 1983; 
Watson, 1996) can lead to preservation of several age populations within a sample. Xenocrysts are 
relics of older crustal materials that have not crystallised from the host magma and are therefore 
foreign to the host magma (Charlier et al., 2005; Bryan et al., 2008). Antecrysts are older than the 
host magma, but related to previous phases of similar magmatic activity (Hildreth, 2001; Charlier et 
al., 2004). Antecrysts have been identified in relatively young, volcanic magmas (Miller et al., 
2007; Bryan et al., 2008), so the ability to resolve these subtly older populations will be extremely 
limited in ~420–280 Myr granite using LA-ICP-MS. Discreet magma batches can be assembled 
over tens of thousands (Michel et al., 2008; Schoene et al., 2012) to millions of years (Matzel et al., 
2006; Davis et al., 2012), so antecrystic populations would require identification based on chemical 
differences (Bryan et al., 2008). Phenocrysts are zircons which crystallised from the host magma 
and are related to the time of emplacement (Charlier et al., 2005).  
 
Alternatively, U/Pb dating could reveal ages apparently younger than emplacement. High initial U 
contents can cause radiation damage (metamictisation) to the crystal structure through alpha decay, 
leading to decreased physical stability (Nasdala et al., 2001; Ewing et al., 2003). If the U/Pb system 
remains open following damage Pb can escape the crystal structure leaving behind a relative surplus 
of U, resulting in a younger U/Pb age than zircons whose internal clock had remained unaltered 
since crystallisation (Williams, 1992; Allen and Campbell, 2012). Damaged zircons may self-
anneal if buried and stored in the crust for an extended period of time at temperatures ~250 ± 50 ºC 
(Medrum et al., 1999; Reiners et al., 2005; Allen and Campbell, 2012); in these scenarios zircons 
are unable to accumulate radiation damage or the damaged crystal structure recovers (Nasdala et al., 
2004). 
 
Zircon chronochemistry can help address some of the main research questions in this project. 
Xenocrystic zircons (that crystallised in the source) allow for dating of possible source regions and 
measurement of initial elemental abundances. CL-SEM imaging sheds light on the crystallisation 
history of the magma through the presence of zoning and resorption events. U/Pb dating can target 
zones of interest in a zircon as identified through CL imaging. Trace element abundances record 
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differences in magma composition through time, and different zones within the grain can be 
targeted by LA-ICP-MS. 
 
3.2.3.1 Discussion of the LA-ICP-MS technique, analytical errors and uncertainties  
Reference zircons 
‘Standards’ or reference zircons (International Association of Geoanalysts) – well characterised, 
good quality zircons – play a two-fold role in geochronology: (1) they can be used to calculate a 
fractionation factor applied to concurrently analysed unknown samples, and (2) they evaluate the 
quality of an analytical session (Black et al., 2004). Reference zircons independently dated by high 
precision techniques (e.g., ID-TIMS) are required when dating unknown samples using the U/Pb 
decay scheme. Reference zircons are used to correct for the difference in the relative proportion of 
U+ and Pb+ ions being emitted during ablation compared to the atomic abundance in the host 
mineral (Compston et al., 1984). Through concurrent dating of a well-defined (age and 
homogeneity) reference of the same (matrix-matched) mineral, the level of inter-element 
fractionation occurring during analysis of the reference can be resolved. This fractionation factor is 
applied to unknown zircons analysed during the same analytical run, assuming Pb and U emissions 
from the unknown have been fractionated to the same extent as the reference (Black et al., 2004). 
The relatively small amount of material ablated during an individual analysis can lead to lower 
precision than other methods (e.g., ID-TIMS where micrograms of sample are analysed). 
Comparing the quality and precision of data gathered for the reference zircons during the analytical 
run with their known ages (determined in various labs using multiple dating techniques), enables 
identification of factors which may have led to imprecise U/Pb dates during the analytical run and 
application of these corrections to the unknown samples.  
 
Two groups of reference zircons were analysed to assess precision and accuracy during LA-ICP-
MS analytical runs conducted at the RSES, ANU. Temora 2 (TEM 2) and R33 reference ages of 
~417 Ma and are suitable for samples with previously established emplacement ages of 325–275 
Ma. TEM 2 acts as a ‘primary reference’ and is used to reduce the age data. R33 – a ‘secondary 
reference’ – was treated as an unknown to test precision and accuracy within and between sessions. 
TEM 2 is derived from the Middledale Gabbroic Diorite, a stock within the Palaeozoic Lachlan 
Orogen of Eastern Australia (Wormald, 1993; Black et al., 2004), and R33 is obtained from a 
biotite-hornblende monzodiorite within the Braintree Complex, Vermont, USA (Black et al., 2004). 
Accuracy and precision for both samples was established through ID–TIMS at the Royal Ontario 
Museum (ROM; TEM 2 and R33) and Berkeley Geochronological Centre (BGC; R33). Five grains 
(nine analyses) of TEM 2 gave a weighted mean 206Pb/238U age of 416.78 ± 0.33 Ma (MSWD 0.56). 
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At the BGC seven grains of R33 (leached in NaOH and abraded after polishing to half thickness) 
gave a preferred 206Pb/238U age of 418.9 ± 0.4 Ma (MSWD 1). Six R33 analyses provide a weighted 
mean age of 419.26 ± 0.39 Ma (MSWD 0.31) when analysed at the ROM. To remove any inter-
laboratory or operator differences a single operator session was conducted at the ROM, with a 
round robin session incorporating TEM 1, TEM 2 and R33. 206Pb/238U weighted average mean ages 
of 416.78 ± 0.33 Ma (TEM 2, 9 analyses) and 419.26 ± 0.39 Ma (R33, 6 analyses) are viewed at the 
most appropriate reference ages (Black et al., 2004).  
 
Precision and accuracy 
Stern and Amelin (2003) identified three levels of precision to be accounted for when examining 
the uncertainty of individual spot analyses: (1) within-spot error (determined by counting statistics 
for the individual spot analysis), (2) internal error (within session), and (3) external error (between 
session). Within-spot error is defined as the uncertainty in a ratio at a particular spot (e.g., 
206Pb+/238U+) that may be used in subsequent age calculations. Individual isotopes can vary in 
intensity over an analysis due to beam instability and time-dependant ion yield variations (Stern and 
Amelin, 2003), the effects of which can be reduced through simultaneous monitoring and 
normalisation to the total secondary ion current. Internal error is the uncertainty of a single spot 
isotope ratio measurement during an individual analytical session. Within-session error allows for 
comparison of isotopic ratios of individual spots collected during a session and integrates 
previously identified within-spot errors (Stern and Amelin, 2003). Internal error reflects 
uncertainties surrounding the true age of the standard – as measured in the session – and the 
application of this uncertainty term to the perceived homogeneity of the standard and the number of 
spots analysed during the session (Stern and Amelin, 2003). The calculation for internal precision 
includes an uncertainty term to account for the reproducibility of the primary reference (TEM 2) 
across an analytical session using counting statistics, matrix variations, and instrument drift 
(monitoring and modelling) (Allen and Campbell, 2012). External error relates to the further 
increase in uncertainty in the absolute U/Pb discrimination correction made in the age calculation, 
and allows for comparison of ages collected during different analytical sessions. This error can be 
addressed by analysing a secondary reference in a round-robin fashion (in addition to the unknowns 
and standards) and comparing results with accepted TIMS ages (Allen and Campbell, 2012); in the 
experiments for this study the reference zircon R33 was run as an unknown. 
 
3.2.3.2 Mineral separation 
Zircons were separated from 200–500g of core (BLS and Soultz) or hand sample (Cornwall). The 
sample was reduced to ~3–5 cm pieces in a jaw crusher and further crushed in a disk mill. The jaw 
 43 
crusher and mill were cleaned with ethanol, dried with a compressed air gun, and pre-contaminated 
with sample. Fine clay fractions were removed by rinsing the sample with water. After oven drying 
the sample was sieved to separate the 50–300 µm size fraction. The less-dense fraction of the 
mineral separates was removed by tetrabromoethane. The denser fraction was divided into magnetic 
and non-magnetic subsets firstly by hand magnet and then Franz magnetic separator, initially at 2.5 
Amp and again at 3.3 Amp. Non-magnetic samples were placed in methylene iodide to separate the 
dense, zircon-bearing fraction. At least 100 zircons (where possible) were handpicked with a needle 
under a binocular microscope and mounted on a glass slide. Standards for natural zircons (TEM 2 
and R33) and NIST SRM 610 glass (homogeneous chemical composition) were also mounted and 
epoxy resin poured into a mould. When set the mount was polished using diamond pads to remove 
~20 µm of material and expose zircon interiors. Polishing reveals a cross section of the zircon, but 
due to the variations in crystal size and orientation to the grain mount features defined as ‘cores’ are 
displayed at different depths within individual zircons. Consequently the cross section is cut at a 
different location in each grain, and what is described as a ‘core’ may not be the true grain core. 
!
3.2.3.3 LA-ICP-MS analytical procedures and data reduction 
Ablation sites for simultaneous dating and trace element analyses were selected based on zoning 
patterns obtained by CL-SEM imaging (3.3.2); distinct cores and rims were targeted by separate 
analytical spots where feasible. Zircon cores with both white and black CL responses were sampled, 
with no bias towards one particular CL response. This sampling strategy means the compositional 
range analysed in zircon cores can act as a useful indicator for the composition of source sediments 
in the protolith. Fractures and large mineral inclusions were avoided where possible, although small 
mineral inclusions are commonplace in zircons and can impact trace element abundances, e.g., Ti 
>75 ppm is suggestive of a titanite inclusion (Hoskin and Schaltegger, 2003). Where an analysis 
had targeted an inclusion the associated data was later removed from geochronological calculations 
and trace element data.  
 
Zircons were analysed in two rounds of LA-ICP-MS at the ANU: Mounts 1 (Moomba and Soultz), 
2 (Carnmenellis, Land’s End and Rosemanowes), 3 (Big Lake, Jolokia, McLeod) and 4 (Habanero) 
over four sessions in October/November 2010, and Mounts 4.1 (Carnmenellis, Land’s End, 
Rosemanowes and Soultz), 5 (Big Lake, Habanero, McLeod, Moomba) and additional analyses of 
grains on Mount 1 (Moomba) and Mount 2 (Carnmenellis, Land’s End and Rosemanowes) run in 
May 2012 over five sessions. Methods are similar to those of Bryan et al. (2004) and Harris et al. 
(2004). Mounts were placed in a sample cell connected to a Lambda Physik LPX 120I ArF Excimer 
laser (193 nm wavelength) and an Agilent 7500S ICP-MS in 2010 (Agilent 7700S ICP-MS in 
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2012). Ablation hole was ~30 µm in diameter and 30 µm deep. Isotopes relevant for geochronology 
(206Pb, 207Pb, 208Pb, 232Th, 235U and 238U) were measured in tandem with elements of geochemical 
interest: 29Si, 31P, 49Ti, 89Y, 139La, 140Ce, 147Sm, 153Eu, 163Dy, 175Lu, 177Hf and 91Zr. 204Pb was not 
measured due to the relatively high 204Hg blank in the Ar-He carrier gas. As common lead could not 
be measured directly, it was corrected for using the difference between measured 208Pb/232Th ages 
and those expected at the 206Pb/238U measured age. The numbers of ‘common’ 206Pb and 207Pb 
atoms were then calculated, using the Cummins and Richards (1975) age-dependent common Pb 
model, and the 206Pb/238U ages corrected accordingly. Ideally the measured ratios swarm around 
Concordia, and the common Pb correction can swing positively or negatively (Middleton et al., 
2014). Background signal (laser-off) was collected for ~25 s prior to measurement of the laser-on 
signal for ~35 s. Analyses were conducted in a round-robin fashion, with three reference materials 
analysed initially – NIST 610, TEM 2 and R33. Unknown zircons were run in groups of ten 
followed by the three reference materials until 60–80 spots had been targeted for each rock sample. 
Any drift observed in the reference materials throughout the day could be corrected for due to the 
round-robin nature of the analyses.  
!
LA-ICP-MS data reduction 
Initial background corrections and geochronological data reduction were done using the Iolite add-
on to Igor Pro (http://www.iolite.org.au) (Hellstrom et al., 2008; Paton et al., 2010; Paton et al., 
2011). The advantage of this software is the ability to correct for downhole fractionation – short 
timescale variations in elemental bias as the ablation pit deepens. Although the process(es) 
responsible for downhole fractionation have not been resolved, this software calculates a correction 
often unique to the data set to provide the most accurate results (Paton et al., 2010). Analytical 
readings were selected from laser-off periods throughout the day, creating an accurate background 
value to subtract from laser-on element acquisitions (spline smooth auto selected for all data 
reduction). The reference materials were selected from time-slices of data (corresponding to each 
analysis) and reduced individually to ensure elemental ratios were averaged over the analytical 
session. The initial part of the spectra (~3 s) was excluded to allow for laser signal stabilisation 
(Bryan et al., 2004; Harris et al., 2004). Ratios relevant for geochronology (207Pb/206Pb, 206Pb/238U 
and 208Pb/232Th) were reduced relative to TEM 2, and 232Th/238U and elements of geochemical 
interest were reduced against the homogeneous glass NIST 610 (Jochum et al. (2011) values; 
Appendix 2, Table A2.1 ). The third standard, R33, helps monitor machine drift and correct for 
depth-dependent elemental and isotopic fractionation (Hirata and Nesbitt, 1995; Horn et al., 2000).  
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Minor elemental peaks such as Ti, La and P are indicative of an inclusion (e.g., titanite, apatite) and 
where possible the time-slice selected as representative of that analytical spot avoided these peaks. 
Where an inclusion had been analysed for the majority of the laser-on period, the analysis was 
removed from final age and geochemical results.  
 
Uncertainties reported for individual spots are a combination of the measured uncertainty for an 
individual analysis and propagated uncertainties (uncertainty observed across the standards). By 
taking into account all uncertainties (within-spot, internal and external errors), the MSWD 
(variability observed within a sample population) will decrease as scatter between analyses will 
have been accounted for (Paton et al., 2010). Uncertainties reported to 2! (Paton et al., 2010).  
 
The data was then run through the VizualAge DRS of Petrus and Kamber (2012), another add-on to 
Igor Pro, which can graphically display large data sets. This DRS allows for calculation of the 
207Pb/206Pb age in addition to the U/Pb and Th/Pb ages calculated in Iolite’s U/Pb geochronology 
DRS.  
 
Preliminary trace element data reduction was completed by running the data set through Iolite’s 
trace element DRS against NIST 610, converting the raw data into concentrations (ppm) for 
elements of geochemical interest by normalizing count rates to Si, using 15.323% as the default 
index content. 15.323% relates to the Si cation in the zircon and is derived from the stoichiometric 
value of 32.7 of the SiO2 molecule. Silica (as the stoichiometric element in the mineral zircon) is 
then used as an internal standard element (and concentration) to normalise against an internal 
standard, here NIST 610, and calculate the concentration of all other elements measured. Method 
similar to Longerich et al. (1996). 
 
Data selected for final age calculations were imported into Excel and run through the plotting and 
age regression add-on ISOPLOT-Ex (version 3.7; Ludwig (1991)). Weighted mean ages were 
calculated and probability density plots used to identify age populations and the age of 
emplacement. Weighted mean ages calculated to 95% confidence intervals, 2! uncertainty. The 
MSWD is calculated using the equation ∑!!( !! !–!)/!!)!) !/ (N – 1)) where !!, A, !! and N are 
the individual datum values, mean or predicted values, datum error and the number of data, 
respectively (York, 1969).  
!
!
!
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Geochronology filtering parameters 
Several criteria were used as the basis for data exclusion: (1) analyses with anomalously high La 
(>10 ppm) and/ or high P (>2000 ppm) – in conjunction with anomalously high LREE 
concentrations – indicate the presence of an apatite inclusion, and Ti abundances over 90 ppm 
suggest intersection of a titanite inclusion. These analyses were discarded from both geochronology 
and trace element results. (2) Analyses with >2000 ppm U were discarded from the geochronology 
results as they are often associated with ages significantly younger than emplacement (3.3.1). 
However, the U/Pb systematics of these analyses will be examined separately to the low-U (<2000 
ppm) analyses to see the effect high U abundances have on the ability to date the sample, and their 
associated trace element abundances are of importance when investigating the levels of enrichment 
attained in the magma. (3) Samples that did not have normally concordant or reversely concordant 
206Pb/238U and 207Pb/235U ages (agreement to within 10%) were considered discordant and therefore 
not included in final age calculations. Their trace element chemistry is still considered if they meet 
the other criteria. (4) Some laser ablation spots analysed the grain mount as well as the zircon grain 
of interest. Where the majority of the ablation spot is within the grain (and all other criteria are met) 
the analysis was retained, but where the ablation spot is predominantly in the mount, or 
simultaneously analyses two grains, the analysis was removed from both geochronology and trace 
element results (Appendix 2).  
 
3.2.4 Whole-rock ICP-MS and ICP-OES 
Procedures for ICP-MS and ICP-OES whole rock analyses (at UQ and AcmeLabs, Canada) are 
presented in Appendix 1 with details of detection limits and comparisons to measured values.  
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Chapter 4 -  
The Big Lake Suite:  
Whole rock petrography and geochemistry 
 
 
Comparing different petrographic and textural features within and between plutons provides insight 
into the crystallisation history and effect of later alteration; element mobility will affect whole-rock 
elemental abundances, impacting on how representative they are of the original magmatic 
composition. Understanding primary mineralogy and whole-rock chemistry informs the debate 
surrounding the granite type represented by the BLS: S-, I-, or A-type. By addressing this current 
gap in knowledge I will be answering one of my research questions: how does the compositional 
variability (I-/S-/A- type) of granites affect the extent of heat-producing element enrichment? There 
are several aspects to this question: (1) what are the different accessory minerals within each granite 
type; (2) when do these accessory minerals crystallise from the magma; and (3) how does accessory 
mineralogy affect the elemental enrichments attained within the melt? Only when the nature of the 
BLS is known can it be placed in context with the S-type Cornubian granites and I-type Soultz 
granite. 
 
Results 
4.1 Thin section observations: whole rock characteristics  
Thin sections were studied for each of the BLS samples (three Big Lake, seven Moomba, one 
Habanero, one Jolokia and four McLeod) to determine primary mineralogy, modal rock-forming 
minerals proportions using visual estimations and the accessory mineral assemblage (Table 4.1), 
something often not accurately presented in current literature (see Table 2.2 for available literature 
values). All samples exhibit a seriate texture. Secondary alteration effects were also noted as some 
samples have been pervasively altered, rendering the primary mineralogy difficult to identify; 
understanding the level of alteration will be important when interpreting whole-rock geochemical 
data.  
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Table 4.1 – Proportions of rock forming minerals present in the BLS (determined through thin 
section analyses) are similar to available published literature values (Table 2.1). Accessory 
mineral assemblages present within each sample are also clarified (Table 2.1). 
 Big Lake Moomba Habanero Jolokia McLeod 
Mineral (%) (%) (%) (%) (%) 
Rock-forming minerals      
Quartz ~45 ~35 ~40 ~30 ~40 
K-feldspar ~40 ~60 ~40 ~40 ~43 
Plagioclase ~10  ~15 ~25 ~12 
Biotite minor minor ~3 minor minor 
Muscovite minor, ~2 minor, ~2   minor 
Accessory minerals      
Zircon 
ZrSiO4 
✓ ✓ ✓ ✓ ✓ 
Xenotime 
YPO4 
✓** ✓** ✓ ✓** ✓ 
Thorite 
(Th,U)SiO4 
✓ ✓ ✓ ✓ ✓ 
Bastnaesite 
CeCO3F 
✓* ✓  ✓*  
Monazite ✓  ✓ ✓ ✓ 
CePO4 
Apatite 
 
✓ 
    
Ca5(PO4)3(OH,F,Cl) 
Rutile 
 
✓ 
 
✓ 
   
✓ 
TiO2 
Fluorite 
 
✓* 
    
CaF2 
Coffinite 
 
✓ 
    
(U4+,Th)(SiO4)1-x(OH)4x 
Uraninite 
   
✓ 
  
UO2 
Brannerite 
   
✓* 
  
(U4+,REE,Th,Ca)(Ti,Fe3-
+,Nb)2(O,OH)6 
Fluorcerite 
    
 
✓ 
 
(Ce,La)F3 
Polycrase 
    
✓** 
 
(Y,Ca,Ce,U,Th)(Ti,Nb)2
O6 
Fergusonite 
    
 
✓ 
 
(Y,REE)NbO4 
Columbite 
    
✓ 
 
(Fe,Mn)(Nb,Ta)2O6 
Atelisite 
    
✓* 
 
Y4Si3O8(OH)8 
La-poor synchysite 
CaCe(CO3)2F 
    
✓* 
 
Determined using electron microprobe analyses (Middleton et al., 2014). *Secondary minerals, ** both primary 
and secondary.  
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Big Lake 
The sample can be classified as a granodiorite based on quartz-feldspar ratios (Fig. 4.1), agreeing 
with the previous classification of Gatehouse (1986). The low abundance of mafic minerals (~3–5% 
in this and other BLS samples; Table 4.1) could be due to derivation from a felsic igneous source 
rather than a mafic igneous source, as proposed by Boucher (2003), leading to mafic mineral 
abundances closer to those found in a granite. Primary and accessory minerals are listed in Table 
4.1. The majority of K-feldspar has been destroyed during pervasive alteration and replaced by illite 
(Fig. 4.2a), but there is only minor illite alteration of plagioclase and twinning is still observable 
(Fig. 4.2b). Crystal sizes range from coarse (Table 4.2; Fig. 4.2b) to medium and fine (Table 4.2; 
Fig. 4.2c). Thin sections were analysed of samples between 3056.5 m and 3057.7 m depth, and over 
this 1.2 m interval there is no apparent difference in the level of alteration present.  
Figure 4.1 – QAP diagram illustrating normalised quartz (Q), K-feldspar (A) and plagioclase (P) values in the BLS 
granites: Big Lake (1), Moomba (2), Habanero (3), Jolokia (4) and McLeod (5).  
1 
2 
3 
4 
5 
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Moomba 
The sample is a granite (Fig. 4.1) – the only sample classified as a granite in the BLS. The majority 
of the sample is medium–coarse grained (Fig. 4.3c), with the exception of very fine-grained, late-
stage alteration minerals (Fig. 4.3a and c). The level of alteration is more apparent than in Big Lake; 
in addition to late-stage, pervasive illite alteration of feldspars (Fig. 4.3b), fine-grained ankerite–
siderite (ankerite Ca(Fe,Mg,Mn)(CO3)2, siderite FeCO3) is present (Fig. 4.3a) and unique to 
samples from the Moomba well.  
Table 4.2 – Size populations (mm) within the major rock-forming minerals of the BLS granites, 
measured from thin section microscopy images. 
 Big Lake Moomba Habanero Jolokia McLeod 
Quartz 0.05–4 0.1–2.5 0.1–2.5 0.1–1.2 0.1–2.1 
K-feldspar 0.1–1.5 1–3 0.2–2.6 0.2–1.3 0.8–2.5 
Plagioclase 0.1–2  0.3–2 0.2–0.8 0.2–2 ! ! ! ! ! !
Figure 4.2 – Minerals and the degree of alteration 
present in Big Lake samples. (a) Illite-rich sericitised 
K=feldspar with illite-altered mica (XPL); (b) fine-
grained illite within partially altered plagioclase, with 
minor ankerite (XPL); and (c) variable grain sizes, 
from relatively coarse-grained quartz to medium-
grained fluorite and fine-grained illite and rutile 
(XPL). 
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Habanero 
The sample is a granodiorite (Fig. 4.1). Grain size varies within the sample, from medium-grained 
(Fig. 4.4b) to fine-grained (Fig. 4.4a) plagioclase, with the majority of quartz and other major rock-
forming minerals medium–fine grained (Fig. 4.4a). The degree of alteration within the sample is 
noticeably less than that observed in Big Lake and Moomba, with less pervasive illite alteration of 
feldspars and twinning still visible (Fig. 4.4b).  
 
Figure 4.3 – Minerals and the degree of alteration 
present in Moomba samples. (a) Fine-grained ankerite-
siderite intergrown with illite (PPL); (b) pervasive 
feldspar alteration, resulting in fine-grained illite and 
microcrystalline quartz (XPL); and (c) medium-
grained quartz (XPL). 
Figure 4.4 – Minerals and the degree of alteration present in the Habanero sample. (a) Wide-ranging grain size of 
quartz, plagioclase and fine-grained illitic material, with good examples of euhedral plagioclase and quartz grains 
(XPL); and (b) minor to moderate illite alteration of plagioclase showing multiple twinning (XPL). 
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Jolokia 
The sample is a granodiorite (Fig. 4.1). Grain size varies from coarse to medium among the primary 
mineralogy (Fig. 4.5a) to very fine-grained among late-stage alteration minerals such as kaolinite 
(Fig. 4.5a) and illite (Fig. 4.5b). The degree of alteration within the sample is variable, from very 
minor illite alteration of plagioclase (Fig. 4.5a) to more pervasive illite alteration of plagioclase 
(Fig. 4.4b). A very fine-grained clay mineral (likely kaolinite; Fig. 4.5a) has also been observed 
within the sample, a result of significant feldspar alteration.  
 
 
McLeod 
The sample is a granodiorite (Fig. 4.1). As for the other samples, grain size varies from coarse (Fig. 
4.6b) to fine-grained (generally for alteration products such as illite, 4.6b and d). Alteration ranges 
from intense illite alteration of K-feldspars (Fig. 4.6a), to selective minor to moderate alteration of 
plagioclase (Fig. 4.6b and c), sometimes resulting in intergrown, fine-grained quartz and illite (Fig. 
4.6d).  
 
4.2 Whole rock chemistry 
4.2.1 Major elements 
Relative elemental abundances for the BLS granites are compared with average UCC values in 
Tables 4.3 and 4.4. Samples from Big Lake, Moomba, Habanero and Jolokia have above average 
concentrations of SiO2 and K2O, but are slightly depleted in Al2O3, Fe2O3, Na2O and MnO, and 
significantly depleted in MgO, Cao, TiO2 and P2O5.  
 
Figure 4.5 – Minerals and the degree of alteration present in Jolokia samples. (a) Plagioclase with minor illite 
alteration and fine-grained clay mineral (likely kaolinite) top right (XPL); and (b) plagioclase with moderate illite 
alteration (XPL).  
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Samples from different areas of the BLS granitic complex exhibit a relatively small range in major 
element variability (Tables 4.3 and 4.4). The BLS granites have SiO2 values from 74.94–79.81 
wt.% (Moomba 1 2895.2 m and Big Lake 1 3057.3 m, respectively). Although high-silica rhyolites 
and granites (>75 wt.% SiO2, anhydrous) are a common feature of the crust (Mahmood and 
Hildreth, 1983; Gualda and Ghiorso, 2013), these high values could also be attributed to a release of 
silica during sericitisation of feldspars and local recrystallisation (Velde and Barré, 2009). Some of 
the largest differences in other major elements also occur between Big Lake and Moomba samples 
(e.g., Al2O3 of 9.67 wt.% in Big Lake 1 3057.3 m up to 14.81 wt.% in Moomba 1 2847.75 m). K2O 
is highest in Habanero (5.41 wt.% and 5.13 wt.%), with Moomba having two of the lowest K2O 
readings (3.06 wt.% and 3.82 wt.%). ASI calculations for samples are close to the I-/S-type 
boundary of 1.1 defined by Chappell (1999) (Tables 4.3 and 4.4). However, due to the level of 
alteration described in section 4.1, these calculated ASI values may not represent magmatic values. 
Two samples from Moomba (2847.75 and 2855.8) are adversely affected by unusually low Ca and 
Na contents (Table 4.3), resulting in geologically unrealistic ASI values of 3.3 and 3.2, respectively. 
The low Ca and Na contents could be a result of the significant plagioclase alteration (Fig. 4.3b) 
Figure 4.6 – Minerals and the degree of alteration present in McLeod samples. (a) Intense illite alteration of K-
feldspar, with twinning no longer evident (XPL); (b) plagioclase with minor illite alteration (XPL); (c) plagioclase 
with moderate illite alteration (XPL); (d) fine-grained intergrowths of illite and quartz (XPL).  
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observed within Moomba (Middleburg et al., 1988). This implies there has been major (and 
possible trace) element mobility within the system; it is therefore important to look at immobile 
elements when investigating the original, magmatic, composition. 
 
4.2.2 Trace elements  
Trace element concentrations were determined for eight BLS samples at AcmeLabs, Canada (two 
Big Lake, three Moomba, two Habanero and one Jolokia; Tables 4.3 and 4.4) in addition to 
eighteen samples analysed for REE contents at UQ (four Big Lake, eight Moomba, one Jolokia and 
five McLeod; Appendix 2, Tables A1.7–A1.10). Some discrepancies exist between the data sets, 
although overall elemental trends remain similar (Fig. 4.7). Th is present at concentrations up to 
eight times greater than the UCC average (Big Lake 3056.6), and U up to 11 times greater 
(Habanero 3911; Table 4.3). Other elements that display similar enrichments (relative to UCC) 
include Be, Cs, Sn, Ta, and W. Some elements record enrichment 2–3 times higher than UCC 
values (particularly Gd and Dy in the southwest pluton) while others show marked depletions (e.g., 
Co, Sr and Eu).  
 
UCC-normalised REE diagrams are shown in Figure 4.7a–e. Samples from Big Lake and Moomba 
exhibit the greatest levels of enrichment, with ΣREE enrichments of 183–339 ppm (Big Lake) and 
331–257 ppm (Moomba). Habanero samples display the lowest ΣREE enrichments, only 81–91 
ppm. The majority of samples exhibit similar patterns of enrichment, with greater HREE 
enrichment indicated by Gd/Lu ratios of 5.6–10.4 in Big Lake and Moomba (southwest pluton) and 
5.1–5.9 in Habanero and Jolokia (northeast pluton). Jolokia (Fig. 4.7d) and McLeod (Fig. 4.7e) 
have a steeper LREE trend compared to the slightly decreasing trend observed between the LREE 
and MREE in Big Lake (Fig. 4.7a) and Moomba (Fig. 4.7b). All samples show pronounced Eu 
anomalies (strongest in Jolokia; Fig. 4.7d), whilst two Moomba samples exhibit minor Ce 
anomalies (2847.74 m and 2853.6m; Fig. 4.7b); however, as discussed in the methods in section 
A1.2, the Ce anomaly is an analytical error. The majority of published analyses do not display a Ce 
anomaly, supporting this argument.  
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Table 4.3 – UCC averages (Rudick and Gao, 2003) compared to ICP-
OES major element (wt.%) and ICP-MS trace element (ppm) results for 
Big Lake and Moomba (southwest pluton). AcmeLabs analyses. !
 UCC 
Average! Big Lake 1 Big Lake 1 Moomba 1 Moomba 1 Moomba 1 
 ! 3056.6 3057.3 2847.75 2855.8 2895.2 
SiO2 66.62 77.84 79.81 75.36 77.55 74.94 
Al2O3 15.40 10.41 9.67 14.81 11.77 12.25 
Fe2O3 5.04 1.51 1.62 1.41 2.85 2.30 
MgO 2.48 0.11 0.12 0.04 0.11 0.38 
CaO 3.59 1.02 0.77 0.03 0.03 0.71 
Na2O 3.27 1.42 0.42 0.16 0.16 2.96 
K2O 2.80 4.92 4.92 3.82 3.06 4.85 
TiO2 0.64 0.11 0.09 0.27 0.22 0.25 
P2O5 0.15 0.02 0.04 0.03 0.04 0.05 
MnO 0.10 0.16 0.17 0.01 0.03 0.02 LOI! ! 2.3! 2.2! 3.9! 4.1! 1.1!
TOTAL ! 99.84 99.88 99.91 99.92 99.85 
ASI ! 1.1 1.3 3.3 3.2 1.1 
Ba 624 211 209 66 49 630 
Be 2.1 12 6 2 3 3 
Co 17.3 0.9 1.0 2.6 1.7 2.6 
Cs 4.9 14.1 14.6 20.4 20.6 19.5 
Ga 17.5 19.8 17.7 21.8 16.1 18.7 
Hf 5.3 5.4 5.8 6.2 5.8 6.4 
Nb 12 23.9 19.1 17.4 14.4 18.7 
Rb 84 720.1 699.5 232.5 181.1 317.5 
Sn 2.1 14 12 9 7 7 
Sr 320 43.1 35.3 13.3 14.2 41.4 
Ta 0.9 3.4 3.1 2.0 1.6 3.0 
Th 10.5 82.8 62.6 55.2 44.4 59.6 
U 2.7 16.6 16.7 16.6 9.6 21.0 
V 97 10 10 25 14 16 
W 1.9 4.2 3.9 17.4 6.2 3.2 
Zr 193 141.2 140.8 206.1 174.9 200.7 
Y 21 66.9 49.9 62.4 59.0 55.8 
La 31 77.4 37.9 74.7 82.7 75.7 
Ce 63 151.8 78.9 83.9 115.2 147.1 
Pr 7.1 15.38 7.89 12.80 16.01 15.19 
Nd 27 48.1 24.9 41.5 49.8 49.5 
Sm 4.7 8.95 4.80 7.16 9.82 9.03 
Eu 1.0 0.11 0.09 0.31 0.40 0.44 
Gd 4.0 8.35 5.23 7.50 9.65 8.28 
Tb 0.7 1.49 1.04 1.47 1.64 1.41 
Dy 3.9 9.45 7.21 9.96 10.01 9.08 
Ho 0.83 2.15 1.66 2.21 2.09 1.96 
Er 2.3 6.49 5.35 6.28 5.92 5.57 
Tm 0.30 1.10 0.90 1.04 0.93 0.90 
Yb 2.0 7.18 5.72 6.75 5.76 5.76 
Lu 0.31 1.11 0.92 1.03 0.93 0.88 
Pb 17 15.4 20.8 1.6 1.9 8.8 
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Table 4.4 – UCC averages (Rudick and Gao, 2003), compared to ICP-
OES major element (wt.%) and ICP-MS trace element (ppm) results 
for Habanero and Jolokia (northeast pluton). AcmeLabs analyses.!
 UCC 
Average! Habanero 2 Habanero 2 Jolokia 1 
 ! 3911 4039 4905 
SiO2 66.62 75.73 76.52 74.98 
Al2O3 15.40 12.73 12.27 12.59 
Fe2O3 5.04 1.52 1.59 1.80 
MgO 2.48 0.11 0.11 0.02 
CaO 3.59 0.64 0.72 0.58 
Na2O 3.27 2.04 1.93 3.47 
K2O 2.80 5.41 5.13 4.67 
TiO2 0.64 0.07 0.09 0.05 
P2O5 0.15 0.06 0.06 <0.01 
MnO 0.10 0.05 0.06 0.04 
LOI  ! 1.6 1.4 1.6 
TOTAL ! 99.93 99.93 99.84 
ASI ! 1.2 1.2 1.1 
Ba 624 293 305 736 
Be 2.1 7 7 10 
Co 17.3 1.2 1.2 0.8 
Cs 4.9 15.1 15.4 18.5 
Ga 17.5 16.9 16.8 22.0 
Hf 5.3 2.5 2.6 4.7 
Nb 12 8.9 10.9 30.6 
Rb 84 471.3 463.4 845.4 
Sn 2.1 13 14 45 
Sr 320 29.2 29.2 28.7 
Ta 0.9 1.7 2.0 5.2 
Th 10.5 18.8 21.4 56.1 
U 2.7 29.6 10.5 29.3 
V 97 <8 <8 <8 
W 1.9 4.5 5.1 9.7 
Zr 193 64.2 73.0 95.9 
Y 21 31.7 36.1 111.3 
La 31 14.3 16.0 29.7 
Ce 63 29.7 33.7 68.0 
Pr 7.1 3.32 3.90 8.32 
Nd 27 11.6 13.3 29.4 
Sm 4.7 2.82 3.37 8.98 
Eu 1.0 0.16 0.17 0.02 
Gd 4.0 3.17 3.71 10.68 
Tb 0.7 0.72 0.79 2.39 
Dy 3.9 4.99 5.80 17.11 
Ho 0.83 1.10 1.26 3.86 
Er 2.3 3.49 3.95 11.88 
Tm 0.30 0.59 0.67 1.90 
Yb 2.0 4.12 4.31 12.18 
Lu 0.31 0.62 0.70 1.81 
Pb 17 20.8 22.3 33.7 
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  Figure 4.7 – REE plots for the BLS samples normalised to UCC (Rudnick and Gao, 2003). Samples labelled ‘C’ 
analysed at AcmeLaba, Canada. Remainder of samples analysed at UQ. Big Lake and Moomba from southwest 
pluton, Habanero, Jolokia and McLeod from northeast pluton.  
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4.3 Present-day heat production 
Heat generation can be calculated using the equation: A = ρ C!A!! + C!"A!"! + C!A!! , 
where ρ is rock density, A’ and C are heat generation rate per mass and concentration, respectively, 
of U, Th and K in the rock. The values of Rybach (1988) for A’ are commonly used (Table 4.5). 
 
Table 4.5 – Heat generation rate per mass, A’, for U, Th and K (Rybach, 1988). 
A’U (µW kg-1) A’Th (µW kg-1) A’K (µW kg-1) 
95.2 25.6 0.00348 
 
Using the values of U, Th and K determined through whole-rock analyses and inserting the values 
of Rybach (Table 4.5), it is possible to calculate radiogenic heat (A): 
 A = !Wm!! = !10!!!×ρ kg!m!! × 9.52×C! ppm + 2.56×C!" ppm + 3.48×C! %  
 
Heat generation varies both within and between plutons, but all locations were calculated to be 
either moderately heat-producing (4–8 µWm-3) or high heat-producing (> 8µWm3; Table 4.6). 
Maximum present day heat-production in the BLS was calculated for the Jolokia 1 well 
(11.9 µWm-3). The greatest range of heat production values was present in the Habanero 2 well, 
with 4.7 µWm-3 at 4039 m depth the lowest heat-production value of all BLS samples. 
Table 4.6 – Heat production calculations for samples within the BLS.  
 
Sample 
 
K20 
(wt.%) 
Th 
(ppm) 
U  
(ppm) 
Heat production 
(µWm-3) 
Big Lake 1 
3056.6  4.92 82.8 16.6 10.5 
Big Lake 1 
3057.3  4.92 62.6 16.7 9.1 
Moomba 1 
2847.75  3.82 55.2 16.6 8.4 
Moomba 1 
2855.8  3.06 44.4 9.6 5.8 
Moomba 1 
2895.2  4.85 59.6 21.0 10.0 
Habanero 2 
3911  5.41 18.8 29.6 9.4 
Habanero 2 
4039  5.13 21.4 10.5 4.7 
Jolokia 
4905  4.67 56.1 29.3 11.9 
Values from AcmeLabs analyses.  
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These results imply variations in heat-production are not consistent with depth and heat generation 
varies on a pluton scale (Table 4.6). 
 
Discussion 
4.4 Differences in mineralogy across the Big Lake Suite 
Identifying and quantifying the primary mineralogy enables similarities and differences between 
samples to be established. Comments can now be made regarding the evolution of the granites 
within and between plutons through analysing their whole rock mineral proportions, accessory 
minerals, whole-rock chemistry and degree of alteration. The whole-rock chemistry and accessory 
mineral assemblage also enable insight into the evolution of the BLS granite and possible source 
material, and can be used to clarify the type of granite the BLS represents (I-/S-/A-). 
 
There are some noticeable differences between the Big Lake 1 (3056–3057.2 m depth) and 
Moomba 1 (2845.7–2895.2 m depth) granite samples (southwest pluton). In Big Lake, K-feldspars 
have been pervasively altered to illite (Fig. 4.2a), with only minor illite alteration of plagioclase 
minerals (Fig. 4.2b). Samples from Moomba are not observed to have plagioclase, but illite 
alteration is far more pervasive than Big Lake (Fig. 4.3b), with quartz the only mineral not subject 
to alteration. Late-stage, fine-grained ankerite/siderite in Moomba is unique amongst the BLS 
samples studied in this thesis (Fig. 4.3a). There is also a difference in the accessory mineral 
assemblage: Big Lake and Moomba both have zircon, thorite, bastnaesite (although in Big Lake this 
is a secondary phase) and rutile (plus possible secondary xenotime), but Big Lake also has 
monazite, apatite, coffinite and secondary fluorite (Table 4.1).  
 
There are also observable differences in mineralogy in samples from the northeast pluton: Habanero 
1 (4039 m depth), McLeod 1 (3745.2–3748.3 m depth) and Jolokia 1 (4905–4908 m depth). 
Plagioclase in Habanero exhibits minor illite alteration and original crystallisation features such as 
twinning are observable (Fig. 4.4b), features overprinted by alteration of feldspars in Moomba; 
however, the intensity of illite alteration of plagioclase is similar to that seen in Big Lake (Fig. 
4.2b). Zircon, xenotime, thorite and monazite are all present, but Habanero is the only sample to 
have uraninite (Table 4.1), implying greater U (and potentially Th) abundances compared to other 
samples. Secondary brannerite is indicative of U, Th and REE mobility during alteration. McLeod 
samples exhibit greater levels of alteration to Habanero. Plagioclase grains have undergone more 
pervasive illite alteration (Fig. 4.6b and c), whilst K-feldspars have been pervasively altered to illite 
(Fig. 4.6a) and no primary crystallisation features (e.g., twinning) are preserved. The accessory 
mineral assemblage found in McLeod bears greatest similarity to Moomba, with zircon, xenotime, 
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thorite and rutile in common, whilst McLeod has the addition of monazite. Jolokia exhibits a 
slightly higher degree of alteration to Habanero with occasional pervasive illite alteration of 
plagioclase (Fig. 4.5b), but in some instances alteration is minimal and primary crystallisation 
features such as twinning are visible (Fig. 4.5a). There has also been significant feldspar alteration 
in the sample to produce kaolinite (Fig. 4.5a). Jolokia is unique among the BLS granites in its 
diverse accessory mineral assemblage. In addition to primary zircon, thorite and monazite, primary 
fluorcerite, fergusonite and columbite have been identified using electron microprobe (Table 4.1, 
Middleton et al., 2014). Xenotime and polycrase could be both primary and secondary phases, 
whilst secondary bastnaesite, atelisite, La-poor synchysite and fluorite complete the accessory 
mineral assemblage (Middleton et al., 2014). A lot of the accessory minerals unique to Jolokia 
contain elements such as Nb, Y and F which are notable as they form the basis of the NYF 
(niobium, yttrium and fluorine) group of pegmatites (Černy et al., 2012).  
 
Although the Jolokia sample does not display the coarse grain size associated with pegmatites, the 
elements associated with NYF pegmatites include oxides and silicates which carry the HREE, Ti, 
U, Th, Nb>Ta, and F (Černy, 1992; Černy and Ercit, 2005; Černy et al., 2012). The REE patterns 
for samples from the northeast pluton (Habanero, Jolokia and McLeod) all display elevated HREE 
patterns compared to the LREE contents (Fig. 4.7c–e), whilst Big Lake and Moomba display 
similar, fairly flat, LREE and HREE trends (Fig. 4.7a–b) implying a slightly different source 
composition and fractionation history. Pegmatites often represent the final stages of granitic magma 
fractionation (London and Kontak, 2012), and the accessory mineralogy and REE patterns appear to 
imply the granite present within Jolokia could have undergone this extreme fractionation. This 
potential association with the NYF group of pegmatites also has implications for the possible source 
material of the BLS granites and is discussed below.  
 
4.5 What granite type does the BLS represent? 
The source for the BLS granites has remained ambiguous (2.1.1). Boucher (2003) said the granites 
could be S-type based on their Na2O/K2O and K2O+Na2O/CaO relationships; however, as discussed 
in section 4.2.1, the level of alteration present within samples from the BLS means the use of alkali 
elements as a diagnostic is compromised. S-type granites are also identified by their oversaturation 
in Al (peraluminosity) and as such contain primary peraluminous phases such as muscovite and 
cordierite (Chappell and White, 2001). Only minor (<2%) primary muscovite is observed in Big 
Lake, Moomba and McLeod, whilst none is observed in Habanero or Jolokia, and no other Al-
oversaturated phases are present. Another prominent feature of S-type granites is the presence of 
intense pleochroic haloes surrounding zircon in biotite (Chappell and White, 2001), something not 
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observed in the BLS samples. This could be due to a combination of the scarcity of fresh biotite in 
the samples (section 4.1), and the colour (generally red-brown in S-types, chocolate-straw in I-
types) and composition of biotite in the samples (Chappell and White, 2001). The opaque mineral 
typically associated with S-type granites (ilmenite) was also not identified within any samples. The 
primary mineralogy of the BLS alone is enough to refute the idea they are S-type granites.  
 
Two other options were proposed by Boucher (2003): (1) the BLS were I-type based on their low 
P2O5 content, and (2) they were A-type based on their intra-plate tectonic setting and Ga/Al/Zr 
relationship (Fig. 2.2c). The accessory mineral assemblage present within the Jolokia 1 well is 
similar to that associated with NYF pegmatites, and these have been associated with A-type granites 
in continental rift areas (Černy and Ercit, 2005; Martin and De Vito, 2005; Černy et al., 2012; 
London and Kontak, 2012). A-type granites are thought to derive from magmas containing both 
crustal (pyroxene-bearing quartzo-feldspathic rocks) and mantle material (King et al., 1997; Martin 
and De Vito, 2005; Bonin, 2007; Christiansen et al., 2007; Černy et al., 2012). As part of the 
classification of major features of A-type granites, Bonin (2007) included fergusonite and polycrase 
as high-tech metal ores, apatite, monazite and xenotime as the phosphate accessory minerals, galena 
and pyrite as ore minerals (observed by van Zyl et al., 2010), and fluorite-REE fluorides and 
carbonates as part of the accessory mineral assemblage. The high F contents (of A-type granites and 
NYF pegmatites) could arise from melting reactions involving F-rich amphiboles and micas 
(Skjerlie and Johnston, 1992; Černy et al., 2012). Major and trace element relationships have been 
proposed as discriminators of A-type granites, including NK/A > 0.85, 10000xGa/Al > 2.6, and 
Zr+Nb+Ce+Y > 350 ppm (Whalen et al., 1987). Thin section images and the composition of the 
alteration mineralogy indicate the BLS granites have undergone a fairly significant amount of 
hydrothermal alteration, therefore values calculated for the ASI and NK/A of the granite will not 
reflect the original composition of the melt.  
 
However, phosphorus is relatively immobile (Felitsyn and Kirianov, 2002) and has been used 
previously as a discriminator for A-type granites (Broska et al., 2004; Breiter, 2012). Despite little 
discussion in the literature (Taylor and Fallick, 1997; Bonin, 2007), low P2O5 contents (<0.05 wt.%) 
are a characteristic feature of fractionated A-type granites (Whalen et al., 1987; Breiter, 2012), and 
in the BLS P2O5 reaches a maximum 0.06 wt.% (Habanero; Tables 4.3 and 4.4). Low P2O5 contents 
in the melt means phosphate minerals (apatite, monazite, xenotime) cannot crystallise during early 
magma evolution resulting in increased U, Th, REE and Y contents with fractionation, another trait 
of A-type rocks (Breiter et al., 1991; Breiter, 2012). Broska et al. (2004) studied P2O5 as a potential 
discriminator between granite types, comparing I-, S- and A-type granites in a suite in the West-
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Carpathian orogenic belt. Plots comparing the relationship between P2O5 contents and fractionation 
(Fig. 4.8) show the BLS samples from this study (Fig. 4.8d) reside in exactly the same region as A-
type granites analysed by Broska et al. (2004) in Slovakia (Fig. 4.8c). Low P2O5 abundances reflect 
the composition of their (meta)igneous source rocks, where fractionation of a felsic protolith 
resulted in P depletion in the resulting melt (Broska et al., 2004). Exceptionally low P 
concentrations in the melt are supported by the lack of apatite in the majority of BLS samples 
(Table 4.1) and occasional monazite and xenotime. The accessory mineral assemblage, low 
phosphorus abundances and the behaviour of phosphorus with fractionation categorise the BLS 
granites as A-type.  
 
 
 
 
Southwest Pluton: 
Big Lake 
Published Big Lake 
Northeast Pluton: 
Habanero 
Jolokia 
Published Moomba 
Moomba 
Figure 4.8 – Comparison of phosphorus abundance 
with increasing differentiation (SiO2) between S- (a), 
I- (b) and A- (c) type granites for samples from the 
West Carpathian granites, Slovakia (Broska et al., 
2004), and the BLS granites analysed in this study 
(d).  
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4.6 Behaviour of HPE elements with fractionation 
Combining the new analyses conducted as part of this research with previous results for Big Lake 1 
and Moomba 1 samples from Gatehouse (1986) and Boucher (2003) (Fig. 4.9), tentative 
observations regarding HPE enrichment with fractionation can be made; however, the limited 
number of samples analysed means any apparent trends cannot be identified with any significance. 
Also, as discussed earlier in section 4.2.1, high-silica granites (>75 wt.% SiO2 anhydrous) could be 
associated with sericitisation of feldspars and local recrystallisation, and therefore these samples 
may not preserve the original magma composition.  
 
With the exception of a low SiO2 analysis from Moomba, samples from the southwest pluton (Big 
Lake and Moomba) generally record decreasing Th abundance with increasing fractionation (Fig. 
4.9a); Moomba also records decreasing U with fractionation, although in Big Lake an initial 
decrease in U plateaus at 78% SiO2. The presence of only one data point for Jolokia limits the 
ability to determine behaviour with fractionation, but the samples for Habanero (also northeast 
pluton) record a slight Th increase but strong U decrease with fractionation (Fig. 4.9a and b). As 
noted earlier (4.1, Table 4.1) the BLS granites have different accessory mineral assemblages, 
although all samples have primary zircon and thorite, and Big Lake, Habanero, Jolokia and McLeod 
have primary monazite. Figure 4.9 provides a comparison between Th and U abundances with Zr 
fractionation (essential to zircon crystallisation). Neither Th nor U appear to correlate with Zr, 
suggesting zircon was not controlling Th and U abundance in the melt. Not enough data exists 
(either from this or previous studies) to account for the controls on HPE fractionation within the 
northeast pluton. 
 
As mentioned previously in section 4.2.2, Th is present at concentrations up to eight times greater 
than the UCC average (Big Lake 3056.6; Table 4.3), and U up to 11 times greater (Habanero 3911; 
Table 4.4). Figure 4.10 presents Th and U abundances for other relatively high SiO2 granites – the 
Hercynian Erzgebirge granites of Europe and the I- and S-type granites of the Lachlan Fold Belt, 
Australia – for comparison with Figure 4.9 a and b. Figure 4.10b shows that U can reach similar 
abundances (nine times UCC average), but Th abundances in other high SiO2 granites are far lower 
than those measured in the BLS (generally around two or three times UCC average). This implies 
the combination of both U and Th enrichments seen within the BLS is not necessarily part of the 
typical granite genesis process.  
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Figure 4.9 – Behaviour of Th (a) and U (b) with increasing fractionation in the BLS, using SiO2 as an indicator of 
fractionation. Zr (c) is an essential component of zircon. Published data from Gatehouse (1986) and Boucher 
(2003), new data from AcmeLabs analyses. 
 
Southwest Pluton: 
Big Lake 
Published Big Lake 
Northeast Pluton: 
Habanero 
Jolokia 
Published Moomba 
Moomba 
Erzgebirge LFB I-type LFB S-type 
Figure 4.10 – Behaviour of Th (a) and U (b) with increasing fractionation (using SiO2 as an indicator of 
fractionation) in other high SiO2 granites from the Erzgebirge, Germany, and the Lachlan Fold Belt, Australia. 
Open diamond – average of eight analyses from the Kirchberg biotite granite; shaded diamond – average of four 
analyses from the Nierderbobritzsch biotite granite; black diamond – average of six analyses from the Bergen 
two-mica granite (Förster et al., 1999). Open circle – average of four monzogranite analyses; shaded circle – 
average of two granodiorite analyses (Chappell and White, 1992). Open square – average of two granodiorite 
analyses; shaded square – average of four monzogranite analyses; black square – average of two granite analyses 
(Chappell and White, 1992). 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
64 66 68 70 72 74 76 78 80 
T
h 
(p
pm
) 
SiO2 (wt.%) 
0 
5 
10 
15 
20 
25 
30 
35 
64 66 68 70 72 74 76 78 80 
U
 (p
pm
) 
SiO2 (wt.%) 
A B 
 65 
4.7 Relationship between heat-producing element enrichment and depth 
There has been much debate regarding magma emplacement in the crust; in addition to the theory 
of large molten bodies ascending diapirically in single events (Pitcher, 1993; Miller and Paterson, 
1999), there is a contrasting view of magma emplacement as more protracted and pulsed, occurring 
through a series of dikes and sills (Petford et al., 2000; Coleman et al., 2004; Glazner et al., 2004; 
Farina et al., 2010; Miller et al., 2011). It is important to assess how magma pulses within the BLS 
accumulated in the crust to understand how HPE-enrichments might have arisen (and therefore 
vary) during emplacement. A caveat to this is that there has been fairly significant hydrothermal 
alteration to some of the BLS samples, particularly Moomba (Fig. 4.3a and b) and McLeod (Fig. 
4.6a and d). As discussed in 4.2.1, high-silica granites (>75 wt.% SiO2 anhydrous) can be an 
indication of major alteration and therefore may not record original magmatic compositions; the 
majority of the samples analysed in this study have SiO2 contents of 75 wt.% or more (Fig. 4.9). In 
other granitic bodies fluid flow has been associated with the alteration of HPE-bearing accessory 
minerals (Middleton et al., 2013), which could result in the mobilisation of trace elements away 
from their original crystallisation location (and therefore depth).  
 
Figure 4.11 illustrates the relationship between sample depth, enrichment in U (a) and Th (b), and 
overall heat production (c). At shallower depths in the southwest pluton (2847.75–2895.2 m in 
Moomba 1, 3056.6–3057.3 m in Big Lake 1) U contents vary from 9.6–21 ppm and Th contents 
from 44.4–59.6 ppm. At the greater depths of samples in the northeast pluton (3911–4039 m in 
Habanero 1, 4905 m in Jolokia 1) Th contents are generally lower than those measured in the 
southwest, with 18.8–21.4 ppm in Habanero and 56.1 ppm in Jolokia. Uranium contents in 
Habanero cover a greater range than the shallower granites from the southwest pluton (10.5–29.6 
ppm), and the sample from Jolokia has a similar maximum U abundance (29.3 ppm). Heat 
production values do not portray a correlation between heat production and depth within the BLS 
granites (Fig. 4.11c). Although the deepest sample (Jolokia) has the highest calculated heat 
production (11.9 µWm-3), it is only a single analysis; in the shallower Habanero sample from the 
same pluton a range of heat production values are observed, and a similar range could be present in 
Jolokia. In the southwest pluton heat production varies from 5.8 µWm-3 (moderately heat-
producing) to 10 µWm-3 (high heat-producing) (Huston et al., 2010) over a depth of less than 40 m 
in the Moomba 1 well.  
 
The relationship between U, Th and K enrichment (and therefore heat production) can be enhanced 
by knowledge of the age of the associated sample. In the next chapter LA-ICP-MS zircon 
geochemistry and U/Pb dating results will be presented, and these may help inform the 
 66 
emplacement history of the granites; are samples with similar heat production values of a similar 
age, and does this in turn reflect changes in the composition of the source?  
 
 
 
 
  
Figure 4.11 Relationship between HPE enrichment in whole rock samples and depth in the BLS: U (a) and Th (b) 
and corresponding spread of heat production values (c) within wells. Trace element data from AcmeLabs analyses.  
Southwest Pluton: 
Big Lake 
Northeast Pluton: 
Habanero 
Jolokia 
Moomba 
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Chapter 5 –  
The Big Lake Suite:  
Zircon chronochemistry, and zircon location, 
within the Big Lake Suite  
 
 
Chapter 4 established the whole rock composition of the BLS granites and their associated 
accessory minerals. Accessory minerals control the behaviour of trace elements such as the REE, Y, 
U and Th (1.3.3.1) (Bea, 1996b); these last two elements are of particular importance due to their 
radiogenic heat production contribution (Rybach, 1988; Faure and Mensing, 2005). This chapter 
aims to address one of the research questions outlined in Chapter 1: when do granitic magmas 
become enriched in the HPE? Section 1.3.1 documented the relationship between many Palaeozoic 
HHPGs and underlying, enriched, Proterozoic basement; it is important to investigate whether there 
is a source control on enrichment and if pre-enriched material is required for HHPG production. It 
is also crucial to assess the timing of extreme enrichments in the melt: are they derived from the 
source or do they develop around the time of emplacement? These questions will inform conditions 
required by prospective EGS developments.  
 
Zircon chronochemistry (3.2.1) has been utilised to address these questions regarding the timing of 
enrichment. Zircon hosts a significant proportion of the whole-rock U, Th and REE budget (3.3.2) 
(Sawka and Chappell, 1988; Bea, 1996b), and is therefore ideal to investigate the timing of HPE 
enrichments. The chemical and physical stability of zircon also means several age populations can 
be preserved within a sample (3.3.2); dating these populations will provide insight into both the 
enrichment and emplacement histories of the BLS granites. The combination of whole-rock and 
zircon data for the BLS, and comparison with equivalent data sets for the European analogues 
(Chapters 6 and 7), can be used to address the two overarching research questions in this thesis 
(1.8): (1) do different HHPGs exhibit different enrichment histories, and (2) are there a certain 
combination of factors that make a granite more likely to be high heat producing? 
 
Results 
5.1 CL-SEM 
Cathodoluminescence zircon imaging identifies differences in elemental concentrations, revealing 
internal zoning patterns and recrystallisation textures (3.3.1.2) (Timms and Reddy, 2009). CL 
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imaging, in conjunction with U/Pb dating and trace element analyses, can be used to identify 
different periods of magmatic growth and analyse (using LA-ICP-MS) their associated elemental 
compositions (Vavra, 1990; Pidgeon, 1992; Hanchar and Miller, 1993; Hanchar and Rudnick, 1995; 
Corfu et al., 2003). 
 
Two internal growth zoning patterns are commonly found within igneous zircons (Corfu et al., 
2003): oscillatory (Fig. 5.1a) and sector zoning (Fig. 5.5b). Zoning can develop as a succession of 
distinct trace-element rich and trace-element poor bands (Fig. 5.2a), or with less distinctive trace-
element abundances between zones (Fig. 5.3a). The reasons for the different types of zoning were 
discussed in 3.2.2.  
 
Morphological features and recrystallisation textures – including inherited cores (often mantled by 
younger magmatic zircon and bounded by irregular surfaces; Fig. 5.5f), radial fracturing  
(expansion of high-U regions fracturing surrounding brittle, low-U regions; Fig. 5.2b), resorption 
zones (residence in Zr-undersaturated magma; Fig. 5.5c), and metamict zones (extensive radiation 
damage; Fig. 5.1d) – can be identified from CL images. Subsolidus and late-stage magmatic 
modifications to zircons, such as convolute zoning (Fig. 5.5e), can also be recognised.  
 
Grey scale CL images also provide an opportunity to investigate changes in enrichment 
(predominantly U) across distinct zones. Black CL cores and rims (CL response supressed 
following high U abundances and radiation damage) and white CL cores and rims (low U) were 
quantified using visual assessment to gauge the relative timing of enrichment. 
 
Table 5.1 compares zircon internal zoning patterns and recrystallisation textures for granites within 
the BLS, with accompanying figures (Fig. 5.1–5.5) providing examples of these textures. Zoning 
patterns in Habanero were often difficult to distinguish due to subtle CL differences (Fig. 5.3a); 
however, in some instances CL-SEM images record distinct variations between the core and rim of 
grains (Fig. 5.3c). In McLeod oscillatory zoning displays both subtle differences in CL – and 
therefore subtle differences in magma composition between zones (core, Fig. 5.5d) – as well as 
extreme differences (Fig. 5.5a and f). Zircons with the textural characteristics outlined in Figures 
5.1–5.5 were analysed using LA-ICP-MS to determine whether they formed populations, defined 
either by age or elemental abundance. Although the metamict regions of grains would likely 
produce discordant U/Pb ages (3.3.2) some grains were analysed to obtain associated geochemical 
abundances, providing insight into magmatic enrichments.  
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Table 5.1 – Internal zoning patterns and recrystallisation textures as determined from CL-
SEM images of zircon from the BLS granites.  
 Big Lake Moomba Habanero Jolokia McLeod 
Total no. of grains 
analysed by LA-ICP-MS 127 103 76 11 120 
Oscillatory zoning 
throughout grain (%) 
30 
(Fig. 5.1a) 
15 
(Fig. 5.2a) 
36 
(Fig. 5.3a) 
36 
(Fig. 5.4c) 
44 
(Fig. 5.5a) 
Oscillatory zoning 
around rim (%) 
45 
(Fig. 5.1c) 
78 
(Fig. 5.2b) 
26 
(Fig. 5.3b) 
27 
(Fig. 5.4d) 
40 
(Fig. 5.5f) 
Sector zoning (%) – – – – 1 (Fig. 5.5b) 
Metamict throughout 
grain (%) 
17 
(Fig. 5.1d) – – – – 
Metamict core (%) 12 
(Fig. 5.1c) 
3 
(Fig. 5.2b) – 
9 
(Fig. 5.4a) – 
Metamict rim (%) 3 
(Fig. 5.1f) – 
1 
(Fig. 5.3c) 
9 
(Fig. 5.4d) – 
Resorption zones present 
(%) 
13 
(Fig. 5.1b) 
9 
(Fig. 5.2d) 
6 
(Fig. 5.3b) 
18 
(Fig. 5.4b) 
14 
(Fig. 5.5c) 
Convoluted zoning/ 
homogeneous CL 
response (%) 
30 
(Fig. 5.1b) 
63 
(Fig. 5.2c) 
13 
(Fig. 5.3b) 
36 
(Fig. 5.4e) 
34 
(Fig. 5.5e) 
Distinct inherited core  – 1 (Fig. 5.2f) – – 
1 
(Fig. 5.5f) 
Black CL core (%) 13 33 2 27 9 
Black CL rim (%) 13 59 13 18 10 
White CL core (%) 8 12 15 18 11 
White CL rim (%) 6 3 3 27 8 
Black or white CL response represents the extreme CL responses; grey CL intensities were not taken into 
consideration. 
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Figure 5.1 – CL patterns observed in Big Lake zircons. (a) Oscillatory zoning; (b) resorption zone and 
convoluted zoning; (c) metamict core; (d) metamictisation of entire grain; (e) inherited core; and (f) 
metamict rim. Ablation hole 30 µm. 
Figure 5.2 – CL patterns observed Moomba zircons. (a) Oscillatory zoning, differences in CL indicate 
residence in compositionally different magmas (core 3790 ppm U, 2580 ppm Th; rim 569 ppm U, 499 ppm 
Th); (b) metamict core, radial fracturing around rim; (c) resorption zone and local recrystallisation 
(homogeneous CL zone truncating oscillatory zoning); (d) convoluted zoning around the rim; (e) inherited 
core; and (f) inherited grain (core 418 ± 14 Ma, rim 421 ± 14 Ma). Ablation hole 30 µm. 
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Figure 5.4 – CL patterns observed in Jolokia zircons. (a) 
Metamictisation of oscillatory zoned rim; (b) resorption 
zone and truncated zoning between core and rim; (c) 
oscillatory zoning with localised recrystallisation; (d) 
metamict core; and (e) convoluted zoning. Ablation hole 
30 µm. 
 
Figure 5.3 – CL patterns observed in Habanero zircons. (a) Inherited grains (430 ± 20 Ma), fine 
oscillatory zoning and broad sector zoning; (b) convoluted zoning; (c) differing CL responses 
indicative of residence in compositionally different magmas; (d) truncated zoning and localised 
recrystallisation; and (e) resorption zones around rim. Ablation hole 30 µm. 
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5.2 Zircon U/Pb ages 
Selection criteria for zircon LA-ICP-MS ablation sites are outlined in 3.3.2.2. Table 5.2 outlines the 
number of zircon grains, individual analytical spots, core rim pairs, rejected LC-ICP-MS analyses 
and concordant LA-ICP-MS analyses for zircons from each of the BLS granites. Concordant grains 
with >2000 ppm U were removed from the final U/Pb age calculations so as not to skew the results 
towards an apparently younger emplacement age (3.2.1.3), although their apparent emplacement 
ages are reported separately to assess the ability to date high U zircon grains independently (Table 
5.3). Table 5.4 illustrates how many high U analyses (>2000 ppm) were recorded in each sample 
relative to the number of analyses with <2000 ppm U, whilst Figure 5.6 presents the range of U and 
Th enrichments measured within the BLS granites and illustrates the level of enrichment attained in 
the majority of zircons. Complete data tables presenting all LA-ICP-MS zircon chronochemistry 
results are provided in Appendix 2. Zircon U/Pb age results will be presented in probability density 
plots to assess the spread of the zircon U/Pb age data, and weighted mean ages will be used to 
define different zircon age populations present within a sample.  
 
Figure 5.5 – CL patterns observed in McLeod zircons. (a) Oscillatory zoning; (b) sector zoning; (c) resorption 
zones, evidence of contact with magmas of differing compositions (core 6490 ppm U and 2600 ppm Th; rim 945 
ppm U and 298 ppm Th); (d) resorption prior to further crystallisation; (e) convoluted zoning, embayment; and (f) 
CL differences (bright core, dark rim) evidence of residence in magmas of distinctly differing compositions. 
Ablation hole 30 µm. 
 73 
 
 
 
5.2.1 Assessment of zircon age populations 
Probability density plots (Fig. 5.7) help define outliers, and in the BLS these usually have U/Pb 
ages younger than the emplacement age (defined by small peaks that tail off after the emplacement 
age). When concordant analyses (<2000 ppm U) for Moomba are plotted onto a weighted average 
plot (Fig. 5.8) data points recording ages younger than emplacement generally exhibit a distinct 
break in slope from the emplacement population and are associated with a steep gradient, typically 
attributed to Pb loss (Harris et al., 2004); these points correspond to the apparently younger zircons 
in the probability plots (Fig. 5.7).  
Table 5.2 – Sampling details for BLS zircon LA-ICP-MS U/Pb analyses. 
 Total no. 
of grains 
analysed 
Total no. 
of spots 
analysed 
No. of 
grains 
analysed 
(Iolite) 
No. of 
spots 
analysed 
(Iolite) 
No. of 
core/rim 
pairs 
No. of 
concordant 
analyses* 
No. of 
discordant 
analyses 
Big Lake 127 139 123 135 12 59 15 
Moomba 103 124 102 123 21 70 14 
Habanero 76 94 75 93 18 77 7 
Jolokia 11 14 11 14 3 11 - 
McLeod 120 137 119 136 17 97 13 
*Concordant analyses with <2000 ppm U. The number of spots, and corresponding number of grains, analysed by 
Iolite represent analyses extracted from the Iolite DRS. In some instances where an inclusion had been targeted for 
the majority of the analysis the analysis was not exported from Iolite for further data reduction.  !
Table 5.3 – Zircon U/Pb ages for the subset of concordant analyses with high (>2000 ppm) U 
abundances within the BLS. Analyses are not included with those used for geochronology 
(3.2.1.3). Where a range of dates is given, analyses do not represent a homogeneous population. 
 U range (ppm) U/Pb Age (Ma) n MSWD 
Big Lake 2061–3584 226 – 281 7 22 
Moomba 2012–3088 243 ± 8 10 8 
Habanero 2620–2752 209 – 269 4 33 
Jolokia 2611–11080 272 ± 12 4 3.6 
McLeod 2018–5195 189 – 254 10 52 
Table 5.4 – Total number of analyses (concordant and discordant, excluding inclusions) above 
and below 2000 ppm U within zircons from the BLS.  
 < 2000 ppm U > 2000 ppm U 
Big Lake 54 20 
Moomba 68 16 
Habanero 79 5 
Jolokia 7 4 
McLeod 99 11 
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Figure 5.6 – Histograms showing the range of U and Th abundances present within zircons from the BLS. 
Elemental abundances obtained from concordant and discordant analyses; analyses deemed to have analysed 
an inclusion were not included in the trace element results. Two U analyses from Jolokia are removed for 
clarity (7500 ppm and 11080 ppm U). 
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Figure 5.7 – Probability density plots for the 
BLS granites, constructing the cumulative 
Gaussian probability curve based on concordant 
zircon U/Pb analyses (histogram illustrates the 
number of analyses falling into a particular age 
bracket).  
 76 
Weighted average plots also enable determination of different age populations (Fig. 5.8). An 
assessment of the MSWD allows for an informed decision regarding the goodness of fit, accounting 
for both internal and external reproducibility; an MSWD of 2 represents a single age population. In 
Figure 5.8, the weighted mean age of all concordant analyses has an MSWD of 15, implying several 
age populations are present. The next stage is to break out these populations, as demonstrated in 
Figure 5.8. By combining visual assessments (e.g., distinct breaks in slope) with the Isoplot 
software of Ludwig (1991) it is often possible to define statistically meaningful zircon populations 
with MSWD values from 1–2. Apparently younger zircons often have a very large spread in ages 
and plot on a steep slope away from the emplacement-aged analyses (Fig. 5.8); they do not form a 
homogeneous age population and do not relate to geologically meaningful ages, and these zircons 
are thought to have suffered Pb loss. Weighted average plots defining zircon age populations in all 
BLS samples are presented in Figure 5.9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 – Example of how different zircon age populations are defined using weighted mean plots. 
Concordant analyses shown are <2000 ppm U. Data error symbols 2σ. A range of ages is presented where the 
MSWD indicates the population is not homogeneous.  
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Figure 5.9 – Weighted average plots for the remainder of 
BLS concordant zircon analyses (<2000 ppm U). Age 
populations within the sample are highlighted. Data error 
symbols 2σ. A range of ages is presented where the 
MSWD indicates the population is not homogeneous.  
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With the exception of Jolokia, zircons dating to the time of emplacement have a very large range of 
ages within the population (e.g., 264–340 Ma, Fig. 5.9d). The associated high MSWDs indicate the 
ages do not form one homogeneous population. CL imaging can be utilised to see if zircons form 
groups with consistent CL patterns, potentially helping to pull out sub-populations and refine the 
emplacement age of the granite. As an example, Figure 5.10 presents a range of CL images of 
zircons from McLeod; however, there is no consistent CL pattern associated with relatively older 
(~330 Ma) or younger (~280 Ma) zircons to help create a more accurate emplacement age with a 
lower MSWD (currently 17; Fig. 5.9d). 
 
 
  
Figure 5.10 – Zircons dating to around the time of emplacement (340–264 Ma) in McLeod, illustrating the range 
of CL patterns exhibited within the population. Ablation hole 30 µm. 
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5.3 Zircon trace element chemistry 
One advantage of LA-ICP-MS is the ability to simultaneously collect U/Pb age and trace element 
data from individual ablation sites (3.3.2). Figures 5.11–5.13 illustrate relationships between age 
and U, Th and Lu abundances with time. Uranium and Th were chosen due to their importance in 
heat production, and Lu was also investigated as zircon favours the HREE (3.3.2) and Lu can 
therefore document compositional changes in magma through time. Age populations defined in 
Figures 5.8 and 5.9 are used to group trace elements accordingly. Trace element abundances of all 
zircon analyses, and associated uncertainties, are listed in Appendix 2.  
 
The Rayleigh crystal fractionation equation !!!! = !(!!!!) – where Co is the concentration of the 
element in the original magma (ppm), CL is the concentration of a trace element in the liquid (ppm), 
F is the fraction of melt remaining after removal of crystals as they form, and Di is the bulk 
distribution coefficient (Winter, 2010) – can be rearranged as !!!! = !! . This second equation 
calculates Rayleigh crystal fractionation assuming elements are completely incompatible in the 
melt, thereby providing the minimum amount of fractionation required to attain the levels of 
enrichment measured in these zircons (an example of this calculation is given in Table 5.5). The 
amount of fractionation required to go from the minimum to maximum enrichments recorded in 
zircons will inform interpretations of how these enrichments arose; if the level of minimum 
fractionation required is high it could mean this extreme fractionation occurred in localised areas 
(e.g., around grain boundaries), as opposed to operating on a pluton scale. By comparing elemental 
enrichments attained within different zircon age populations it will also be possible to identify the 
timing of extreme enrichments in the melt. 
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Figure 5.11 – U vs age (Ma) as measured by 
LA-ICP-MS analyses of concordant zircons 
from the BLS granites, illustrating the 
changing abundance of U through time. 
Shaded zone highlights zircons forming the 
emplacement-aged population, whilst zircons 
to the left of the shaded area form the 
apparently younger, Pb-loss, population and 
those to the right form the inherited 
population (with the exception of Jolokia 
where no inherited zircons were dated). 
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Figure 5.12 – Th vs age (Ma) as measured 
by LA-ICP-MS analyses of concordant 
zircons from the BLS granites, illustrating the 
changing abundance of Th through time. 
Shaded zone highlights zircons forming the 
emplacement-aged population, whilst zircons 
to the left of the shaded area form the 
apparently younger, Pb-loss, population and 
those to the right form the inherited 
population (with the exception of Jolokia 
where no inherited zircons were dated). 
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Figure 5.13 – Lu vs age (Ma) as measured 
by LA-ICP-MS analyses of concordant 
zircons from the BLS granites, illustrating the 
changing abundance of Lu through time. 
Shaded zone highlights zircons forming the 
emplacement-aged population, whilst zircons 
to the left of the shaded area form the 
apparently younger, Pb-loss, population and 
those to the right form the inherited 
population (with the exception of Jolokia 
where no inherited zircons were dated). 
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Table 5.5 – Minimum and maximum U, Th and Lu enrichments measured in zircons from Big Lake (southwest pluton), with 
analyses grouped according to age population. This table also provides an example of the ‘increase’, which relates to the fold 
increase of the element in the melt, and %FX (fractional crystallisation), calculated as the minimum amount of fractionation 
required to account for the range of enrichment.  
  Big Lake Moomba 
Element (ppm) Y E I High U Discordant Y E I High U Discordant 
U Min. 721 323 69 2061 450 415 135 52 2012 428 
 Max. 1891 1838 1665 3584 3803 1578 1528 494 3088 4232 
 Increase 2.6 5.7 24.1 1.7 8.5 3.8 11.3 9.5 1.5 9.9 
 % FX 62 82 96 41 88 74 91 89 33 90 
Th Min. 332 164 17 525 337 85 78 19 598 183 
 Max. 2470 2200 1550 1881 3923 2713 1600 243 1368 5290 
 Increase 7.4 13.4 91 3.6 11.6 31.9 20.5 12.8 2.3 28.9 
 % FX 86 93 99 72 91 97 95 92 57 97 
Lu Min. 56.3 43.9 46.4 99.0 73.6 60.8 51.7 32.7 123.1 44.4 
 Max. 183.7 135.1 229.3 322.1 252.7 170.4 205.8 121.0 225.0 401.4 
 Increase 3.3 3.1 4.9 3.3 3.4 2.8 4.0 3.7 1.8 9.0 
 % FX 70 68 80 70 71 64 75 73 44 89 
Y = younger population (result of Pb loss), E = emplacement population, I = inherited population. 
Table 5.6 – Minimum and maximum U, Th and Lu enrichments measured in zircons from Habanero and Jolokia (northeast 
pluton), with analyses grouped according to age population.  
  Habanero Jolokia 
Element (ppm) Y E I High U Discordant E High U Discordant 
U Min. 765 269 51 2620 7 349 2611 643 
 Max. 1420 1460 1102 4680 676 1767 11080 1398 
Th Min. 176 92 15 350 9 112 530 330 
 Max. 2240 2330 551 6190 326 726 2421 459 
Lu Min. 103.1 64.7 22.6 278.6 19.2 58.4 251.9 89.0 
 Max. 316.0 233.0 153.6 415.0 131.2 187.5 400.7 168.8 
Y = younger population (result of Pb loss), E = emplacement population, I = inherited population. 
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Table 5.7 – Minimum and maximum U, Th and Lu enrichments measured in zircons from 
McLeod (northeast pluton), with analyses grouped according to age population. 
  McLeod 
Element (ppm) Y E I High U Discordant 
U Min. 64 242 104 2018 323 
 Max. 1858 1714 245 5195 4080 
Th Min. 43 104 58 540 163 
 Max. 2199 1350 142 2620 2290 
Lu Min. 33.5 61.8 60.3 162.4 40.4 
 Max. 259.5 208.8 176.9 217.7 255.0 
Y = younger population (result of Pb loss), E = emplacement population, I = inherited population. 
 
 
Big Lake 
Inherited zircons have, for the most part, far lower U and Th abundances than zircons from the 
emplacement-aged population (Table 5.5, Figs. 5.11 and 5.12a); an exception is one core analysis 
(430 ± 14 Ma) with 1665 ppm U, which is significantly more enriched than other inherited zircons 
where U content ranges between 70–520 ppm. This 1665 ppm U analysis means the inherited 
population records similar maximum U enrichment to emplacement-aged and younger populations 
(Table 5.5), although it should be noted that the majority of the inherited population is not enriched 
(Figs. 5.11 and 5.12a). Thorium has a positive correlation with U with a Th/U around 0.5, typical 
for igneous zircon (Hoskin and Schaltegger, 2003). An exception to this is at higher U contents 
(~1700 ppm), where Th abundance can be almost equal to U, and in one grain rim Th content is 
greater (Fig. 5.12a). A range of Th and U concentrations are measured in Big Lake zircons, but 
there does not appear to be a trend between the location of the analysis within the grain (e.g., core 
or rim) and enrichment suggestive of a trend with the timing of enrichment (e.g., enrichment in rims 
is suggestive of later stage processes). Even amongst the inherited population, which records the 
lowest average enrichments, the most enriched analysis is from a grain core. Lutetium and U (Figs. 
5.11 and 5.13a) have a positive correlation similar to U and Th (Figs. 5.11 and 5.12a), with 
concentrations increasing in analyses dating to the time of emplacement (or younger). The inherited 
grain with 1665 ppm U has a similar Lu abundance to grains of equivalent U content dating to 
emplacement. Again there does not seem to be a distinct relationship between the location of the 
analysis in the grain and the level of enrichment attained. Table 5.5 also considers the amount of 
fractional crystallisation required if the difference between the minimum and maximum 
enrichments in an age population were achieved through this process. If fractional crystallisation 
was responsible for the range of Th abundances in the inherited population, 99% FX would have 
been required. This degree of fractional crystallisation is incredibly high and fairly unrealistic, and 
therefore it would seem these extreme enrichments were caused by other, more localised, methods 
of enrichment. Percent fractional crystallisation is therefore not calculated for all samples.  
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Moomba 
Uranium and Th exhibit a similar positive trend to Big Lake; both samples are from the southwest 
pluton. In Big Lake, Th content was observed to have a far larger compositional range >1700 ppm 
U, and this is also observed in Moomba (Figs. 5.11 and 5.12b). Elevated Th abundances are present 
amongst analyses from the emplacement and Pb-loss populations. In the inherited population 
enrichments in Th and U are far lower than for other zircon populations (Table 5.5). There does not 
appear to be a correlation between the location of the analysis in the grain and the level of 
enrichment; Th is greatest in a grain core, whilst U is greatest in a rim. Lutetium and U have a 
positive correlation, with a similar range in Lu abundance between emplacement and younger 
populations (Table 5.5).  
 
Habanero 
Habanero has a visibly different relationship between U and Th compared to samples from the 
southwest pluton. Only two analyses – from the emplacement and younger populations – have 
elevated Th contents up to 2330 ppm; all other zircons record <745 ppm Th (resulting in a Th/U of 
~0.3, lower than the ~0.5 measured in Big Lake), regardless of their associated age population or 
location within the grain (Figs. 5.11 and 5.12c). Uranium, however, obtains similar maximum 
enrichments to other samples from the BLS granites, with a maximum 1460 ppm U in a grain rim. 
The inherited population are notable in their typically lower U abundances and significantly lower 
Th abundances than other age populations (Table 5.6). The relationship between U and Lu 
enrichment is very different to Th, with a strong correlation between the two. Similar levels of 
enrichment are attained in grain cores and rims of the emplacement and younger populations (Fig2. 
5.12 and 5.13c), with inherited grains forming a distinct population with low U abundances, 
although some contain similar amounts of Lu to emplacement-aged analyses.  
 
McLeod 
Of the samples from the northeast pluton, McLeod bears the greatest resemblance to enrichment 
patterns observed in Big Lake and Moomba (Figs. 5.11 and 5.12d). Grain cores record slightly 
greater U and Th abundances than rims, regardless of enrichment or whether they are of 
emplacement age or younger. Analyses from the inherited population have very low U and Th 
abundances (Table 5.7). Lutetium and U have a strong positive correlation (Figs. 5.11 and 5.12d), 
similar to that observed in Habanero. Differences in enrichment recorded between grain cores and 
rims previously observed for Th are not apparent for Lu, with a similar level of enrichment 
measured in both. Analyses from the inherited population have a very similar range of Lu 
abundances to those observed for other populations (Table 5.7), although over a restricted range of 
U values.  
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Jolokia 
Samples in Jolokia only date to around the time of emplacement. The relationship between U (Fig. 
5.11e), Th (Fig. 5.12e) and Lu (Fig. 5.13e) with age, is very similar to other samples from the 
northeast pluton (Habanero and McLeod), with a generally linear correlation between elements.  
 
5.3.1 Relationship between CL response and enrichment (specifically in the heat-producing 
elements U and Th) 
Previously the ability of CL-SEM to distinguish different elemental abundances – high-U, dark CL 
areas and low-U, bright CL areas – was documented (3.3.1.2). Here it is useful to assess the 
accuracy of this visual assessment, with the caveat that CL responses from different samples will 
vary slightly based on the brightness/contrast settings of the CL detector (which varied slightly 
depending on the session the mounts were analysed in). Distinct CL differences are observed in 
grains from all BLS samples, and, where analysed by LA-ICP-MS, record clear differences in trace 
element concentrations. In Moomba (Fig. 5.2a) a dark CL core records 3790 ppm U and 2580 ppm 
Th, whereas a light grey CL rim 569 ppm U and 499 ppm Th (discordant associated spot ages of 
150 ± 16 Ma and 312 ± 11 Ma). In Habanero, a dark grey CL sector contains 2250 ppm U and 980 
ppm Th (discordant spot age 780 ± 110 Ma), whilst the light grey CL sector contains 477 ppm U 
and 25 ppm Th (concordant spot age 340 ± 9 Ma; Fig. 5.3a). In McLeod, a grain with a dark CL 
core records 2690 ppm U and 1176 ppm Th (concordant spot age 323 ± 11 Ma), whilst the light 
grey rim has 1179 ppm U and 264 ppm Th (concordant spot age 231 ± 8 Ma; Fig. 5.5c). Combined 
age and geochemical results provided by LA-ICP-MS zircon analyses support the relationship 
between U abundance and CL response presented in the literature. This relationship enables 
interpretation of the relative timing of enrichment in zircons, even if they have not been 
individually analysed.  
 
5.4 The importance of zircon location in granite 
Accessory minerals control the REE budget in felsic rocks, through the timing of crystallisation 
(affecting elemental enrichments attained in the melt), and the crystallising accessory minerals 
phases (1.3.3.1) (Bea, 1993; Wark and Miller, 1993; Bea, 1996a, 1996b). The location of zircon 
within the magma is important as the chemical signature recorded will have been affected by the 
time and location of crystallisation. Zircon can act as a nucleation site for early crystallising mafic 
silicates (e.g., biotite) (Clemens, 2003); once armoured by the enclosing mineral the zircon no 
longer records the composition of the host melt. This grain (if it remained shielded from the melt) 
would then record an older U/Pb age than a zircon which remained in contact with the melt, and 
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may also record different trace element abundances depending on the amount of differentiation in 
the remaining melt (Miller et al., 2007).  
 
The location of zircon when crystallising from the melt can influence the trace element signature 
recorded. Accessory minerals often nucleate in areas of local saturation in boundary regions around 
growing crystals, with the greatest differentiation (or fractionation) of the boundary layer observed 
next to ferromagnesian phenocrysts – particularly Fe-Ti oxides (Bacon, 1989). In these boundary 
layers element diffusion is slower than the rate of crystal growth, creating an environment with 
different elemental abundances compared to the majority of the melt. If a zircon were to crystallise 
in this boundary region it would be recording localised enrichment rather than reflecting the overall 
enrichment present in the magma body, and it would not be related to fractionation occurring across 
the magma body as a whole (Harrison and Watson, 1984; Bacon, 1989; Evans and Hanson, 1993; 
Hoskin et al., 2000). It is therefore important to conduct a preliminary assessment of the location of 
zircons within thin section to ascertain whether they are predominantly hosted by minerals (such as 
biotite) and therefore shielded from the melt, or if they are situated along grain boundaries and 
could be recording localised enrichments. Addressing this issue will help answer the research 
questions ‘when do accessory minerals crystallise from the magma’, and ‘do extreme enrichments 
occur around the time of emplacement’? 
 
5.4.1 Zircon location in the Big Lake Suite granites 
In Big Lake and Moomba (southwest pluton) the majority of zircons are located at the boundary 
between minerals, although zircons are also found within minerals. In Big Lake, zircons are found 
associated with quartz, K-feldspar, fluorite (Fig. 5.14a and b), biotite (Fig. 5.14c) and rutile (Fig. 
5.14d). In Moomba, zircons are found in regions of illitised K-feldspar (Fig. 5.15a and b), quartz 
(Fig. 5.15c), rutile, and surrounded by secondary ankerite-siderite veins. In Habanero and McLeod 
a large number of zircon are found within chloritised biotite (Fig. 5.16a and c; Fig 5.18c), and there 
is one recorded instance of zircon in biotite in Jolokia (Fig. 5.17b). Only a few zircons are located at 
the interface between, or within, quartz (Fig. 5.16b; Fig. 5.17b; Fig. 5.18a and c). 
 
One inherent difficulty in assessing the location of zircon crystallisation is the level of pervasive 
alteration present within the BLS granites, particularly Big Lake and Moomba (Figs. 4.2 and 4.3; 
4.1). Pervasive alteration of (usually) K-feldspar to illite and fine-grained quartz means it is very 
difficult to assess original crystal boundaries, and whether some zircons actually crystallised within 
K-feldspar grains; in Moomba the only unaltered mineral is quartz. Where feasible it is important to 
assess the location of zircon to assess the relative timing of zircon crystallisation from the magma.  
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Figure 5.14 – Examples of zircon locations within Big Lake. (a) Dark, partially altered zircon surrounded by 
fluorite; (PPL) (b) small zircon in centre of hexagonal fluorite (PPL); (c) zircon within biotite (PPL); and (d) 
zircons on the grain boundaries of illitised biotite and quartz, surrounded by opaque rutile (PPL). 
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Figure 5.15 – Examples of zircon locations within 
Moomba. (a) Zircon within altered biotite (PPL); (b) 
zircon situated within fine-grained illite and 
microcrystalline quartz (likely the result of altered 
K-feldspar) (XPL); and (c) zircon in quartz (XPL).  
Ill 
Figure 5.16 – Examples of zircon locations within 
Habanero. (a) Chloritised biotite shielding numerous 
fine-grained zircons (PPL); (b) zircon in fine-grained 
quartz with altered plagioclase (right) and altered 
micaceous material/illite (left) (PPL); and (c) zircon 
on the grain boundary of biotite and quartz (PPL).  
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Figure 5.17 – Examples of zircon locations within Jolokia. (a) Zircon (highlighted by white circle) located at the 
boundary between fine-grained quartz and partially illitised K-feldspar (XPL); and (b) brown-coloured zircon in 
chloritised biotite (colour may be a result of alteration) (PPL).  
Figure 5.18 – Examples of zircon locations within 
McLeod. (a) Zircon in fine-grained quartz and illite 
near rutile (PPL); (b) numerous zircon in chloritised 
biotite (PPL); and (c) zircon on boundary of quartz 
and a clay mineral (likely kaolinite) (XPL).  
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Discussion  
5.5 Zircons in the Big Lake Suite: what they tell us about magma evolution 
Age populations identified in samples from the BLS will be compared to assess the level of 
enrichment attained: do zircons of a similar age also record similar enrichments across the pluton? 
Where a concordant age was not obtained for an analysis, or the age had been affected by a 
secondary process (e.g., Pb loss), the crystallisation age for the population is proposed based on 
assessment of other factors. It is important to assess the timing of crystallisation for these zircons as 
their elemental abundances reflect the more extreme enrichments recorded by zircons.  
 
5.5.1 Timing of emplacement and duration of magmatic activity in the Big Lake Suite 
LA-ICP-MS U/Pb zircon dates for the Moomba well (326 ± 17 Ma; southwest pluton) are within 
uncertainty of a previous U/Pb SHRIMP date: 323 ± 5 Ma (Gatehouse et al., 1995), as are LA-ICP-
MS U/Pb dates for the McLeod well (307 ± 8 Ma; northeast pluton), previously SHRIMP dated by 
Gatehouse et al. (1995) to 298 ± 4 Ma. A sample from the same pluton as Moomba – Big Lake – is 
not within error of the new Moomba analysis (277 ± 11 Ma), although samples from the northeast 
pluton are within error of the McLeod analysis (Habanero, 315 ± 10 Ma, and Jolokia, 318 ± 13 Ma). 
If the ages are assessed together, as opposed to on a pluton basis, and taking the full range covered 
by emplacement-aged populations into account, they cover a maximum range of ~120 Myr, 
implying an extended period of magma emplacement for this period across the BLS (Fig. 5.19).  
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Southwest Pluton: 
Big Lake 
Northeast Pluton: 
Habanero 
Jolokia 
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McLeod 
Figure 5.19 – Summary of the timing and duration of magmatism during emplacement of the BLS. 
Open symbols are new U/Pb zircon LA-ICP-MS ages from this study, filled symbols are U/Pb zircon 
SHRIMP ages from Gatehouse et al. (1995). Error bars represent the uncertainty on the measured age. 
Capped error bars represent the age ranges for Big Lake, Moomba, Habanero and McLeod 
emplacement-aged zircons analysed in this study. Their associated MSWDs (Figs. 5.8 and 5.9) imply 
the zircons do not represent a homogeneous population.  
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All samples recorded inherited (xenocrystic) populations, with the exception of Jolokia; the absence 
of any inherited component is thought to result from the small sample size (14 laser spot analyses of 
11 grains; Table 5.2). Inherited populations are dated to 406 ± 18 Ma and 417 ± 13 Ma (Big Lake 
and Moomba) and 415 ± 12 Ma and 420 ± 15 Ma (McLeod and Habanero).  
 
Gatehouse et al. (1995) thought inherited Proterozoic zircons were affecting ID-TIMS emplacement 
ages as they were ~10–20 Myr older than SHRIMP ages: 342 ± 28 Ma (Moomba) and 310 ± 17 Ma 
(McLeod). LA-ICP-MS analyses in this study only dated a single Proterozoic zircon core (1812 ± 
62 Ma, McLeod) out of the 508 laser ablation spots analysed in BLS zircons (Table 5.2). The rarity 
of these Proterozoic zircons suggests that Silurian inheritance (dated in four samples) is more likely 
to have affected the previous ID-TIMS ages of Gatehouse et al. (1995). The inherited Silurian 
zircons also extend evidence of granite magmatism in the region by ~100 Myr, assuming that these 
zircons derive from local, unexposed granites (something that can’t be certified as there are no 
exposed granites within the BLS).  
 
5.5.2 What is the source of the inherited zircon? 
Inherited zircons within the BLS are between ~420–406 Ma; this period within the Warburton 
Basin has remained enigmatic due to a ~140 Myr Late Ordovician to Late Carboniferous 
nonconformity (Gatehouse, 1986; Sun, 1999; McLaren and Dunlap, 2006). Magmatism has been 
dated during this time period from the Thomson Orogen to North Queensland: a middle-Silurian 
granite intrusion of 428 ± 5 Ma (SHRIMP U/Pb zircon) was intersected ~200 km east of Innaminka 
(Draper, 2006), and following the Late Ordovician to Early Silurian Benambran Orogeny (Purdy, 
Southwest Pluton: 
Big Lake 
Northeast Pluton: 
Habanero 
 
McLeod 
Moomba 
Figure 5.20 – Summary of the ~420–410 Ma inherited zircon population found in four of the BLS 
samples. Error bars represent the uncertainty on the measured age.  
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2013) post-orogenic granodiorites (Tibooburra Suite) were emplaced 428 ± 2 Ma (SHRIMP U/Pb 
zircon) (Black, 2006; Greenfield et al., 2010). In the Koonenberry Belt, the subsurface Allambie 
Woolshed Granite was emplaced 423 ± 2 Ma (SHRIMP U/Pb zircon) (Black, 2006). Voluminous 
post-tectonic granites were emplaced in an extensional environment in North Queensland ~426 Ma 
(SHRIMP U/Pb zircon) (Hutton, 2004). The British Empire Granite, Mount Painter Province, South 
Australia, records slightly earlier granite magmatism ~460–440 Ma (SHRIMP U/Pb zircon), 
thought to originate through anatexis following burial of high heat-producing basement rocks 
(McLaren et al., 2006).  
 
Recent work by Middleton et al. (2014) proposed granite emplacement during the Silurian was 
associated with extensional tectonic activity in the Warburton Basin; carbonates (associated with 
hydrothermal fluid flow concurrent with magmatic activity) have been dated to 437 ± 17 Ma, and a 
uraninite grain dating to 407 ± 16 Ma. Following the Benambran Orogeny – an event affecting the 
western Thomson and Lachlan orogens (Glen et al., 2007; Greenfield et al., 2010; Purdy, 2013) – an 
extensional tectonic environment, evidenced in the Warburton Basin by folding of the Late 
Ordovician Dullingari Group and NW-SE trending fracture networks (Gatehouse, 1986; Sun, 1999), 
could have followed. Widespread emplacement of granitic bodies in this period of the Silurian 
(discussed above) could be associated with relaxation-related extension and initial granite 
emplacement in the BLS. Silurian zircons dated in the BLS are likely related to this period of 
extensive granite generation and emplacement in central and eastern Australia, and the Silurian 
granites the zircons are derived from could have contributed to the source material for the 
Carboniferous BLS granites.   
 
One other zircon U/Pb spot age dates earlier inheritance within the BLS: 513 ± 14 Ma (Habanero). 
The 513 ± 14 Ma zircon could originate from the underlying Mooracoochie Volcanics (517 ± 9 Ma; 
PIRSA, 2007), with volcanic activity related to the compressional tectonic regime during the 515–
490 Ma Delamarian Orogeny (Glen, 2005).  
 
5.5.3 What is the crystallisation age of the concordant ‘younger’ zircons? 
LA-ICP-MS analyses forming zircon populations with U/Pb dates younger than the age of 
emplacement are present in Moomba (Fig. 5.8), Big Lake, Habanero and McLeod (Fig. 5.9). In 
weighted average plots they are often distinguished from the emplacement population by a break in 
slope (Fig. 5.8). Although referred to as a ‘population’, these apparently younger zircon spots do 
not form statistically valid age populations for any of the samples. When trace element 
compositions of these younger analyses are compared with those of emplacement-age and inherited 
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analyses (Figs. 5.11–5.13), they are found to cover a similar compositional range, obtain similar 
maximum enrichments (Table 5.5) and have a similar enrichment trend to emplacement-aged zircon 
analyses.  
 
In all BLS samples concordant zircons that measure U/Pb spot ages younger than the age of 
emplacement appear to have crystallised from granitic magmas with similar elemental compositions 
to zircons dating to the time of emplacement. The apparently younger age is a result of lower Pb/U 
ratios due to loss of radiogenic Pb; however, the reason for the Pb loss remains unknown. These 
younger analyses do not have elevated U contents (analyses with >2000 ppm U were removed as 
part of the geochronology filtering parameters), decreasing the likelihood of a high alpha dose 
leading to alpha decay damaging the host crystal structure (Allen and Campbell, 2012). These 
analyses may have been affected by subtle fractures, opening the crystal to minor Pb loss (e.g., 
Whitehouse et al., 1999). 
 
5.5.4 What is the crystallisation age of the high-U (>2000 ppm) zircons? 
High-U, apparently concordant, analyses are present in all BLS samples (Table 5.3). Although the 
U/Pb ages are concordant, they are significantly younger than the age of emplacement determined 
from concordant analyses with <2000 ppm U (Table 5.3) and have very large MSWD values, 
meaning their ‘ages’ are not statistically meaningful. As their current U/Pb age cannot directly be 
related to their original crystallisation age, it is important to ascertain when these very high U (and 
Th) abundances were present within the magma. Their apparently younger ages are likely the result 
of Pb loss (following radiation damage to the crystal structure from high U and Th concentrations) 
leaving relative surplus U in the zircon (Campbell et al., 2006).  
 
Plotting the elemental compositions of these high-U concordant grains with other age populations 
enables comparison of the enrichment trends. The high-U analyses commonly extend the trend 
observed in emplacement-aged populations, whether that be a linear relationship (Big Lake, Fig. 
5.21a, 5.22a), or a more subdued pattern of enrichment (Habanero, Fig. 5.21c). Also, the Th/U in 
the high-U zircons generally matches that recorded by the low-U zircons (Fig. 5.21), consistent with 
the idea they crystallised from the same magma. It is therefore proposed that these high-U zircons 
originate from the time of emplacement. This conclusion has important implications for assessing 
the timing of enrichment (5.6.1).  
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5.5.5 When did the discordant zircons crystallise? 
It is important to understand when discordant grains originally crystallised, specifically in Big Lake, 
as some record U and Th enrichments similar to those of the concordant, high-U populations (Fig. 
5.21a, 5.22a). In other BLS samples discordant analyses are not associated with extreme 
enrichments (with the exception of two analyses in Moomba). The majority of discordant zircons in 
Big Lake have very similar trace element abundances (Table 5.5) and follow the same trend as 
concordant analyses dating to the time of emplacement. Based on the almost identical elemental 
trends exhibited by concordant, emplacement-aged analyses it is believed discordant grains 
probably also crystallised at the time of emplacement. 
 
5.6 Zircon chemistry and timing of enrichment 
LA-ICP-MS analyses of zircon have enabled identification of different age populations within the 
BLS granites (Fig. 5.8 and 5.9). These populations, and associated elemental abundances, can be 
used to analyse changes to magma composition over the evolution of the BLS.  
 
5.6.1 When does enrichment (specifically in the heat-producing elements U and Th) occur? 
It is important to evaluate the timing of enrichment by looking at maximum elemental abundances 
within different age populations: are inherited or emplacement-aged grains enriched, and what does 
this mean for the evolution of the melt through time? It has been established that discordant 
analyses, high-U (>2000 ppm) concordant analyses and concordant ‘younger’ analyses all 
crystallised in magmas with a similar range of elemental abundances, probably around the time of 
emplacement; the range of elemental abundances for these analyses is therefore viewed as 
extending the geochemical data available for emplacement-aged analyses (Fig. 5.21 and Fig. 5.23).  
 
Analyses of zircons from the inherited population record some of the lowest levels of enrichment in 
U, Th and other elements (Tables 5.5–5.7). However, as the inherited zircons cover a range of ages 
(Fig. 5.8 and 5.9), and therefore don’t represent a common source, the range of compositions they 
record cannot be used to assess relative degrees of enrichment.  
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Figure 5.21 – Concentrations of U vs Th as measured 
by LA-ICP-MS analyses of concordant, discordant, 
and high-U concordant zircons from the BLS. One 
discordant analysis from Moomba not shown: 3784 
ppm U, 5290 ppm Th. One high-U analysis from 
Habanero not shown: 4132 ppm U, 6190 ppm Th. Two 
high-U analyses from Jolokia are not shown: 7500 
ppm U, 2350 ppm Th, and 11080 ppm U, 2421 ppm 
Th.  Filled symbols = grain core, unfilled symbols = 
grain rim, grey shaded symbols = boundary region 
(analysis overlaps core and rim, identified through 
comparing location of laser ablation site with available 
CL-SEM images). 
Emplacement pop. 
Inherited pop.  
Ancient inherited pop. 
Younger pop. 
Discordant pop. – all 
High-U concordant pop. – all 
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Figure 5.22 – Concentrations of U vs Lu as measured 
by LA-ICP-MS analyses of concordant, discordant, 
and high-U concordant zircons from the BLS. Two 
high-U analyses from Jolokia are not shown: 7500 
ppm U, 293 ppm Lu, and 11080 ppm U, 401 ppm Lu.  
Filled symbols = grain core, unfilled symbols = grain 
rim, grey shaded symbols = boundary region (analysis 
overlaps core and rim, identified through comparing 
location of laser ablation site with available CL-SEM 
images). 
 
Emplacement pop. 
Inherited pop.  
Ancient inherited pop. 
Younger pop. 
Discordant pop. – all 
High-U concordant pop. – all 
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The greatest maximum enrichment is recorded around the time of emplacement: up to 6190 ppm Th 
in Habanero and 11,080 ppm U in Jolokia (Fig. 5.21c and e). These extreme enrichments (often 
associated with high-U analyses) represent a minority of the zircons analysed in the BLS, but their 
presence implies conditions and processes around the time of emplacement were conducive to their 
development.  
 
It is also important to discuss the U and Th abundances measured in metamict zircons (e.g., 5460 
ppm U, 7960 ppm Th; 15400 ppm U, 43200 ppm Th in Big Lake; Appendix 2.4). The original 
crystallisation age of these metamict zircons cannot accurately be determined because they have not 
remained a closed system since crystallisation, having suffered radiation damage to the crystal 
lattice as a result of their high U abundances (3.2.3). Geisler et al. (2003a) and Geisler et al. (2003b) 
conducted hydrothermal experiments on metamict zircon samples at a range of temperatures (120–
200ºC and 350–650ºC) and found trace elements – including U and Th – were preferentially lost 
during reactions with fluids at lower temperatures. The alteration mineralogy present within BLS 
samples is indicative of hydrothermal alteration ~250ºC (2.1.2); this could mean any extreme U 
(and Th) enrichments obtained within inherited zircon populations may not have been preserved if 
the zircons became metamict, and suggests metamict grains with high U and Th abundances 
identified in this study are more likely to date from the time of emplacement. Metamict grains are 
also more susceptible to re-equilibrate with a melt, again decreasing the likelihood of preserving 
inherited metamict zircons (Geisler et al., 2007). 
 
5.6.2 Zircon location in relation to whole rock textures: origin and timing of extreme (heat-
producing) elemental enrichments  
In section 5.5 the importance of zircon location within the whole rock was outlined: by ascertaining 
whether they are predominantly armoured within minerals (e.g., biotite), or if they are on grain 
boundaries (crystallised between two minerals or adjacent to phenocrysts), it is possible to establish 
whether minerals were shielded from, or in contact with, the melt, and the period of melt evolution 
they were recording. It should be noted, however, that these are only preliminary observations; the 
thin sections represent only a small portion of the sample that was separated to obtain zircons for 
LA-ICP-MS analyses, and therefore the statistical significance of these thin section observations is 
small. By comparing the range of enrichments recorded within zircons it is also possible to assess 
whether the amount of factional crystallisation required is feasible, thereby informing the scale on 
which these enrichments occurred.   
 
The majority of zircons in Big Lake, Moomba, Jolokia and McLeod are found either intergrown 
between crystals or in localised regions bordering phenocrysts (Figs. 5.14d, Fig. 5.15b, 5.17a, 
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5.18a), and in zircons associated with these samples extreme enrichments are seen to develop in 
emplacement-aged grains (Fig. 5.21e and 5.21a). These zircons could have been crystallising in 
regions where enrichment was localised and extreme, explaining the large number of zircons in a 
small area (e.g., Fig. 5.16b). This conclusion is supported by Bacon (1989): ‘accessories may 
nucleate near the host crystal/liquid interface as a result of local saturation owing to formation of a 
differentiated chemical boundary layer’, therefore enhancing fractionation in this localised 
boundary region. Localised enrichment could also explain why a relative minority of analyses 
measured extreme enrichments (specifically in U and Th): the majority of the melt was not 
undergoing these extreme levels of fractionation. 
 
Habanero exhibits a different history of zircon crystallisation than other BLS granites: the majority 
of zircons are located within biotite (Fig. 5.16a). This implies zircons were acting as nuclei for 
precipitating early crystallising minerals (mafic silicates), and were therefore present within the 
melt prior to significant levels of crystallisation (Clemens, 2003). That the majority of zircons are 
armoured within biotite crystals (and therefore shielded from the melt) could also explain why the 
greatest number of inherited zircons were analysed in Habanero (Fig. 5.9b).  
 
5.6.3 Relationship between zircon and whole rock elemental abundances: do U and Th 
enrichments in zircon correspond with whole rock enrichments? 
There is a good relationship in Th enrichment measured in whole rock and zircons (Fig. 5.23). The 
association between Th content in zircons and the whole rock may imply zircon is one of the 
dominant Th repositories (along with thorite and monazite; Table 2.1) and therefore controls, and 
correlates with, total Th abundance within the granite.  
 
The relationship between U in zircon and whole rock samples is more unpredictable (Fig. 5.23). 
This decoupling between the whole rock and zircon could have two explanations: (1) zircon is not 
the dominant accessory mineral controlling U uptake in the melt, with greater competition between 
zircon and other U-rich minerals for U (whereas this competition is not present for Th); or (2) 
hydrothermal alteration and element mobility (observed in thin section, Figs. 4.2–4.6) means the U 
abundances recorded by the whole rock no longer correspond to original magmatic abundances. 
This extreme variability makes it difficult to understand the relationship between U enrichment in 
the whole rock and zircon, although alteration and element mobility is believed to be the dominant 
cause of U variation within the BLS.  
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Figure 5.23 – Comparison between Th (a) and U (b) enrichment as measured in whole rock (ICP-MS) and zircon 
(LA-ICP-MS) for the BLS granites. Whole rock values are an average of all values measured for each sample 
(Tables 4.3 and 4.4), and zircon values are averages of concordant, low-U (<2000 ppm) analyses (Appendix 2). 
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Chapter 6 -  
European analogues:  
Whole rock petrography and geochemistry  
 
 
This chapter focuses on previously well-characterised (geochemically and mineralogically) HHPGs 
which provide a basis for comparison with the BLS granites: the Carnmenellis and Land’s End 
plutons, Cornwall, UK, and Soultz-sous-Forêts, France. Thin section observations characterise the 
granite and illustrate the degree of alteration, important when assessing whole-rock geochemistry. 
Investigating the relationship between accessory mineralogy and whole-rock geochemistry will 
provide insight into the development of HPE enrichments in different granite types (S/I).  
 
 
Results 
6.1 Thin section observations 
Thin sections from three Cornwall samples (Fig. 2.6) – Carnmenellis pluton Type 1 (CBM1, two 
thin sections), Carnmenellis pluton Type 2 (RQ1, one thin section) and the Land’s End pluton 
(LC1, one thin section) – and two thin sections from Soultz (K102) were studied to determine 
primary mineralogy and modal rock-forming mineral proportions (Table 6.1; Fig. 6.1) in addition to 
grain size populations (Table 6.2). Secondary alteration effects were also noted. 
 
Carnmenellis, Type 1 (CBM1) 
Sample CBM1 is a monzogranite (Fig. 6.1); this agrees with previous assertions by Chappell and 
Hine (2006) that the dominant rock type in the Cornubian Batholith is a two-mica-granite. The 
sample exhibits a porphyritic texture, with K-feldspar phenocrysts (sometimes exhibiting perthite 
texture; Fig. 6.2a) – up to ~7 cm in hand sample – and coarse-grained plagioclase (Fig. 6.2b) in a 
matrix of fine-grained quartz, biotite and muscovite (Fig. 6.2d and e; Table 6.2). Accessory 
mineralogy is listed in Table 6.1. Alteration is minimal, with only minor illite alteration of 
plagioclase (Fig. 6.2b, c and e). 
 
Carnmenellis Type 2 (RQ1) 
Sample RQ1 is a monzogranite (Fig. 6.1) with a seriate texture, different to CBM1; no K-feldspar 
phenocrysts were observed in hand sample, although coarse-grained minerals are observable in thin 
section (Fig. 6.3e). Primary minerals such as quartz, K-feldspar (with perthite texture; Fig. 6.3e) 
and plagioclase are generally medium to coarse-grained (Fig. 6.3a–d; Table 6.2), with only 
 102 
localised areas containing fine-grained minerals suggestive of multiple size populations (e.g., 
quartz, Fig. 6.3b and d). Accessory mineralogy is similar to CBM1 (Table 6.1). As with the other 
Carnmenellis sample – CBM1 – alteration is minimal, with only minor illite alteration of 
plagioclase (Fig. 6.3a and d).  
  
Table 6.1 – Proportions of rock forming minerals in the European samples (determined 
through thin section analyses) and associated accessory mineral assemblage. 
 CBM1 RQ1 LC1 K102 
Mineral (%) (%) (%) (%) 
Rock-forming minerals     
Quartz ~35 ~33 ~35 ~25 
K-feldspar ~33 ~31 ~33 ~27 
Plagioclase ~20 ~25 ~20 ~40 
Biotite ~6 ~6 ~6 ~6 
Muscovite ~5 ~4 ~5  
Hornblende    ~1 
Accessory minerals     
Zircon 
ZrSiO4 
✓ ✓ ✓ ✓ 
Xenotime 
YPO4 
✓ ✓ ✓  
Monazite 
CePO4 
✓ ✓ ✓  
Apatite ✓ ✓ ✓ ✓ 
Ca5(PO4)3(OH,F,Cl)     
Ilmenite 
FeTiO3 
✓ ✓ ✓  
Uraninite 
UO2 
✓ ✓ ✓  
Magnetite 
Fe3O4 
   ✓ 
Titanite 
CaTiSiO5 
   ✓ Allanite(
(Ce,Ca,Y,La)2(Al,Fe+3)3(SiO4)3(OH)( ( ( ( ✓ 
CBM1 and RQ1 accessory mineral assemblage after Jefferies (1984), LC1 accessory mineral assemblage after 
Müller et al. (2006), K102 accessory mineral assemblage after Stussi et al. (2002).  
! ( ( ( (
Table 6.2 – Size populations within the major rock-forming minerals, measured 
from thin section microscopy images. 
 CBM1 RQ1 LC1 K102 
Size range (mm) (mm) (mm) (mm) 
Quartz ~0.2–0.9 ~1.4–3 ~0.7–1.3 ~2–5 
K-feldspar ~4 ~1–3 ~5 ~2–5 
Plagioclase ~1 ~1.4–3.5 ~0.6–4 ~2–5 
Biotite ~0.2–0.9    
Muscovite ~0.2–0.9    
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Land’s End (LC1) 
Sample LC1 is a monzogranite (Fig. 6.1). LC1 has a porphyritic texture with K-feldspar 
phenocrysts (Fig. 6.4b) present in a groundmass of medium to coarse-grained plagioclase (Fig. 6.4a 
and c), and fine-grained quartz, biotite and muscovite (Fig. c and d; Table 6.2). In hand sample K-
feldspar phenocrysts are up to ~5 cm. Accessory mineralogy listed in Table 6.1. Alteration of K-
feldspar and plagioclase is more intense in the Land’s End sample compared to those from the 
Carnmenellis pluton, illustrated by very fine- grained sericite alteration (Fig. 6.4a and c).  
Figure 6.1 – QAP diagram illustrating normalised quartz (Q), K-feldspar (A) and plagioclase (P) values in the 
European granites: CBM1 (1), RQ1 (2), LC1 (3) and K102 (4).  
1,3 
2 
4 
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Figure 6.2 – Minerals and the degree of alteration 
present in sample CBM1 (Carnsew, Carnmenellis 
pluton). (a) Coarse-grained K-feldspar (XPL); (b) 
coarse-grained plagioclase with minor illite alteration 
next to medium-grained quartz (XPL), (c) porphyritic, 
coarse-grained K-feldspar encompassing fine-grained 
biotite, with altered medium-grained K-feldspar (with 
simple twinning) bordering K-feldspar and plagioclase 
with minor illite alteration (top) (XPL); (d) fine-grained 
groundmass of quartz and minor biotite (XPL); and (e) 
sericitised coarse-grained plagioclase, with finer-grained 
quartz and minor muscovite (XPL).  
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Figure 6.3 – Minerals and the degree of alteration 
present in RQ1 samples (Rosemanowes, Carnmenellis). 
(a) Coarse-grained plagioclase with minor illite 
alteration (XPL); (b) medium-grained biotite, muscovite 
and quartz (XPL); (c) example of porphyritic texture, 
with coarse-grained quartz with finer grained biotite and 
plagioclase (XPL); (d) coarse-grained plagioclase with 
minor illite alteration with finer grained quartz, as 
another example of porphyritic texture (XPL); and (e) 
coarse grained, phenocrystic K-feldspar with perthite 
texture (XPL).  
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Soultz-sous-Forêts (K102) 
The Soultz sample is a monzogranite (Fig. 6.1), supporting previous classifications (Stussi et al., 
2002). The sample has a porphyritic texture, with K-feldspar phenocrysts up to ~7 cm in hand 
sample. In thin section the groundmass of quartz, K-feldspar, plagioclase and occasional chloritised 
biotite grains is medium–coarse grained (Fig.6.5a–f; Table 6.2). Accessory titanite – common in I-
type granites – is also present (Fig. 6.5c). There is minor very fine-grained illite alteration (Fig. 
6.5a, d and f) of mostly plagioclase feldspars.   
 
 
Figure 6.4 – Minerals and the degree of alteration present in LC1 samples (Lamorna Cove, Land’s End). (a) 
Coarse-grained plagioclase with moderate sericite alteration (XPL); (b) porphyritic texture with phenocrystic K-
feldspar and fine-grained quartz and biotite (XPL); (c) groundmass of fine–medium grained sericitised plagioclase, 
biotite and quartz (XPL); and (d) fine-grained quartz and muscovite groundmass (XPL).  
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Figure 6.5 – Minerals and the degree of alteration present in Soultz samples. (a) Plagioclase with minor illite 
alteration (XPL); (b) coarse-grained quartz and plagioclase, with medium-grained chloritised biotite and fine-
grained magnetite (PPL); (c) chloritised biotite with magnetite and titanite grains (PPL); (d) very fine-grained illite 
alteration of coarse-grained plagioclase, and coarse-grained K-feldspar with simple-twinning (XPL); (e) fine-
grained quartz-rich groundmass (XPL); and (f) coarse-grained plagioclase with minor illite alteration and coarse-
grained K-feldspar (XPL).  
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6.2 Whole rock chemistry 
6.2.1 Major elements 
Cornwall 
Elemental concentrations for samples CBM1, RQ1 and LC1 are compared with average UCC 
values in Table 6.3. All samples are enriched with respect to SiO2, K2O and P2O5, whilst other 
elements such as Al2O5 remain consistent with UCC values. Minor elemental depletions (2–3 times 
lower than UCC) are observed for Fe2O3, Na2O, TiO2 and MnO, whilst MgO and CaO are 
significantly more depleted. SiO2 concentrations show marginal variation, from 77.97 wt.% 
(CBM1), to 72.31 wt.% (RQ1; Table 6.3). K2O abundance is greatest within the Land’s End pluton, 
reaching 5.57 wt.%, compared to 4.92 wt.% and 4.81 wt.% for samples from the Carnmenellis 
pluton. All samples from the Cornubian granites are distinctly peraluminous and S-type, with 
calculated ASI values of 1.2 (Table 6.3).  
 
Soultz-sous-Forêts 
Major element data were gathered using ICP-OES analyses for one sample and compared to UCC 
averages to evaluate relative elemental enrichments and depletions (Table 6.4). In terms of SiO2, 
K102 is only slightly enriched above UCC with ~70 wt.%. The greatest enrichment is observed for 
K2O with 4.47 wt.%, whilst minor enrichments are measured for Na2O and P2O5. Some elements, 
such as MgO and CaO, are present at a level around half that observed for average UCC. The ASI 
value of the Soultz sample (0.9) is distinctly metaluminous and I-type (Chappell, 1999). 
 
6.2.2 Trace elements  
Cornwall 
Trace element concentrations were determined for both Carnmenellis samples – CBM1 and RQ1 – 
(two analyses of the same powder conducted per sample), and one sample from the Land’s End 
pluton – LC1 (Table 6.3). Th is only enriched to ~1.5 times that of the UCC, whereas U is highly 
variable: in LC1 only 2.2 ppm U is measured but in CBM1 up to 23.8 ppm U is measured, around 
five times greater than UCC. Some elements, such as Rb and Sn, are greatly enriched whereas 
others (e.g., Ba and Sr) record concentrations around six times lower than average UCC values. In 
terms of the HPE, greatest Th and U abundances were measured in CBM1 (15.27 ppm and 23.84 
ppm respectively), and the lowest in RQ1 (14.88 ppm Th and 2.12 ppm U). 
 
UCC-normalised REE patterns presented for the new Cornubian data in Figure 6.6a–b have similar 
relative enrichments in the LREE compared to the HREE. The negative Eu anomaly is 
representative of feldspar fractionation from the magma. A negative Ce anomaly is also present – a 
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feature not reported in previous geochemical data – however, this anomaly is an analytical error. 
Some of the bombs used during sample digestion at UQ were old and did not seal properly, and as a 
result some of the sample was not completely dissolved following oven digestion. The majority of 
published data records more elevated element abundances (Fig. 6.6a–b), supporting the idea of 
slightly lower elemental yields within these new analyses. A Ce anomaly implies incomplete 
dissolution of monazite; in addition to Ce, this could have also lowered the apparent abundances of 
La, Nd, Pr, Th and Y within these samples. Samples exhibit relative enrichment in the light to 
middle REEs and depletion in the HREEs, with little variation in the levels of enrichment; CBM1 
has ΣREE concentrations between 102–117 ppm and RQ1 between 103–116 ppm. The Land’s End 
sample exhibits a similar pattern of trace element enrichment compared to the Carnmenellis, 
although overall enrichment is slightly greater with ΣREE concentration of 126 ppm.  
 
The Land’s End pluton records some of the greatest fractionation (highest SiO2 concentrations) of 
the two plutons: up to 73% in the literature and 74% in this study (Fig 6.7b). Although the 
composition of the Cornubian granites is very close to the minimum melt composition of Tuttle and 
Bowen (1958), these granites have higher abundances of elements such as Cs, P and U and lower 
abundances of Sr and Ba compared to other felsic granites (Chappell and Hine, 2006). These 
elemental abundances would not solely result from partial melting of any feasible source rocks on 
the scale required to produce the Cornubian Batholith (Chappell and Hine, 2006). Rubidium (Fig. 
6.7a) is depleted in all the Cornish samples analysed for this thesis compared to published data, and 
could reflect sample variability or analytical effects (6.4). Decreasing Sr (Fig. 6.7b) and Ba (Fig. 
6.7e) with increasing fractionation can be related to feldspar crystallisation, and decreasing Zr (Fig. 
6.7f) to zircon crystallisation.  
 
Samples from this study are compared with data from previous studies in Figure 6.7. When placed 
in context with other samples from these plutons, all samples appear to be among the most highly 
fractionated samples analysed in these granites, and consequently record some of the greatest 
depletions in elements such as Sr (Fig. 6.7b) and Ba (Fig. 6.7e) with fractionation.  
 
Soultz-sous-Forêts 
Trace element concentrations were determined for one sample from Soultz, with results duplicated 
for the same powder (but analysed separately; Table 6.4). The HPE U and Th are enriched ~2–3 
times above UCC average. Other elements enriched above average UCC (with a maximum three-
fold increase) include Be, Nb and La. Some elements, such as Sr, display minor depletions, but the 
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majority of elements are present at very similar concentrations to those of the average UCC (e.g., 
Ba, Rb, Eu).  
 
The UCC-normalised REE pattern for the new Soultz analyses (Fig. 6.6c) records a strong negative 
Ce anomaly; as for the Cornubian samples this is the result of incomplete sample digestion rather 
than a geological signature. K102 exhibits greater enrichment of the LREEs compared to HREEs. 
Indicators of differentiation – Rb, Cs and Nb – are present in highly variable amounts in the 
duplicated results for one sample. Rb varies between 43 ppm and 131 ppm, the latter of which is 
more geologically realistic based on comparisons with previous data (Stussi et al., 2002). The 
variation between samples could relate to the sample preparation; if the sample was not adequately 
crushed minerals that partition Rb – such as biotite and K-feldspar – may not have been evenly 
distributed throughout the powder, resulting in the lack of duplication between analyses. The 
differences between Cs (5–6 ppm) and Nb (25–26 ppm) are much more acceptable.  
 
The Soultz granite sample from this study is compared with data from previous studies in Figure 
6.7. In this context the K102 sample appears to be among the most enriched samples analysed in the 
granite, and consequently records some of the greatest depletions in elements such as Sr (Fig. 6.7b) 
and Ba (Fig. 6.7e) with fractionation.  
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Table 6.3 – UCC averages (Rudick and Gao, 2003), compared to ICP-OES major element 
(wt.%) and ICP-MS trace element (ppm) results for the Carnmenellis (CBM1, RQ1) and 
Land’s End (LC1) plutons. Duplicate trace element analyses (2) for CBM1 and RQ1 are 
from the same powder used in (1), but analysed on a different date.  
 UCC CBM1 CBM1 RQ1 RQ1 LC1 
 Average 1 2 1 2 1 
SiO2 66.62 77.97  72.31  74.10 
Al2O3 15.40 14.51  14.63  15.01 
Fe2O3 5.04 2.14  1.72  2.70 
MgO 2.48 0.61  0.54  0.76 
CaO 3.59 0.96  1.00  0.90 
Na2O 3.27 2.91  3.14  2.91 
K2O 2.80 4.92  4.81  5.57 
TiO2 0.64 0.27  0.25  0.40 
P2O5 0.15 0.23  0.24  0.27 
MnO 0.10 0.05  0.04  0.07 
LOI  0.8  0.9  0.6 
TOTAL  98.59  98.67  102.70 
ASI  1.2  1.2  1.2 
Ba 624 153 87 178 143 236 
Be 2.1 9 12 7 10 5 
Co 17.3 0.9 1.8 0.7 2.4 1.2 
Cs 4.9 32.4 32.7 31.2 34.7 18.5 
Ga 17.5 22.1 21.7 21.7 23.3 19.5 
Hf 5.3 3.2 2.8 3.0 2.7 4.8 
Nb 12 8.1 9.1 9.5 10.2 15.7 
Rb 84 232.2 243.0 245.4 360.0 172.5 
Sn 2.1 15 2 14 3 13 
Sr 320 42.3 43.1 45.1 66.9 35.2 
Ta 0.9 1.1 1.3 1.4 1.5 1.7 
Th 10.5 15.3 14.2 14.9 13.8 15.6 
U 2.7 6.2 23.8 2.1 4.9 2.2 
V 97 15 14 14 14 22 
W 1.9 4.6 4.2 4.1 4.4 3.9 
Zr 193 107.2 89.6 97.9 87.0 164.0 
Y 21 8.2 8.7 7.4 6.9 10.9 
La 31 26.0 22.2 25.5 22.7 24.9 
Ce( 63( 47.3( 40.2( 47.3( 42.2( 51.6(
Pr( 7.1( 6.68( 5.92( 6.63( 5.92( 7.30(
Nd( 27( 24.0( 21.2( 23.8( 21.0( 27.3(
Sm 4.7 4.79 4.31 4.61 4.12 5.25 
Eu 1.0 0.54 0.52 0.54 0.52 0.50 
Gd 4.0 3.30 3.01 3.09 2.75 3.69 
Tb 0.7 0.42 0.40 0.39 0.35 0.50 
Dy 3.9 1.90 1.93 1.76 1.57 2.50 
Ho 0.83 0.31 0.34 0.29 0.27 0.44 
Er 2.3 0.80 0.90 0.74 0.70 1.16 
Tm 0.30 0.11 0.13 0.10 0.10 0.16 
Yb 2.0 0.65 0.82 0.61 0.61 0.98 
Lu 0.31 0.09 0.11 0.08 0.09 0.14 
Pb 17 9.6 18.6 9.3 21.3 7.8 
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Table 6.4 – UCC averages (Rudick and Gao, 2003), compared to ICP-OES major element (wt.%) and 
ICP-MS trace element (ppm) results for K102, Soultz-sous-Forêts (duplicated trace element results). 
 UCC Average K102  (1) K102 (2) 
SiO2 66.62 69.78  
Al2O3  15.40 13.89  
Fe2O3  5.04 2.98  
MgO  2.48 1.35  
CaO  3.59 1.87  
Na2O  3.27 3.89  
K2O  2.80 4.47  
TiO2  0.64 0.52  
P2O5  0.15 0.23  
MnO  0.10 0.10  
LOI  1.0  
TOTAL  99.08  
ASI  0.9  
Ba 624 631 581 
Be 2.1 6 7 
Co 17.3 2.9 5.4 
Cs 4.9 5.0 6.2 
Ga 17.5 14.6 17.2 
Hf 5.3 4.6 7.0 
Nb 12 26.1 25.3 
Rb 84 43.1 131.2 
Sn 2.1 5 1 
Sr 320 195.8 278.0 
Ta 0.9 2.2 2.4 
Th 10.5 23.7 32.9 
U 2.7 2.1 10.5 
V 97 39 39 
W 1.9 3.5 3.3 
Zr 193 164.6 251.7 
Y 21 18.6 17.4 
La 31 52.2 62.5 
Ce 63 71.8 75.7 
Pr 7.1 9.65 10.63 
Nd 27 32.31 33.98 
Sm 4.7 5.21 5.20 
Eu 1.0 1.02 1.03 
Gd 4.0 4.05 3.86 
Tb 0.7 0.61 0.57 
Dy 3.9 3.48 3.22 
Ho 0.83 0.70 0.65 
Er 2.3 1.98 1.90 
Tm 0.30 0.30 0.29 
Yb 2.0 1.96 1.96 
Lu 0.31 0.28 0.30 
Pb 17 7.8 20.3 
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  Figure 6.6 – Normalised REE plots for European samples (UCC values, Rudnick and Gao, 2003). CBM1 (r), 
RQ1 (r) and K102 (r) were duplicated from the same sample powder but analysed separately (all analyses 
conducted at UQ). REE patterns from this study are compared with data in the literature. Carnmenellis: 
Charoy (1986) and Chappell and Hine (2006). Land’s End: Charoy (1986); Chappell and Hine (2006), and 
Müller et al. (2006). Soultz: Stussi et al. (2002) and Cocherie et al. (2004).  
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Figure 6.7 – Elements commonly affected by fractional crystallisation, comparing results from this study (larger 
symbols) to previously published geochemical data for the European granites. Carnmenellis: Charoy (1986) and 
Chappell and Hine (2006). Land’s End: Charoy (1986); Chappell and Hine (2006) and Müller et al. (2006). Soultz: 
Stussi et al. (2002) and Cocherie et al. (2004). 
Published Carnmenellis 
Published Land’s End 
Published Soultz 
Carnsew, Carnmenellis 
Rosemanowes, Carnmenellis 
Land’s End 
Soultz 
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6.3  Present day heat production 
Cornwall 
Using the heat production equation (4.3), maximum present day heat production (using 
geochemical data from this thesis) was calculated to be 5.44 µWm-3 (Table 6.5) classifying the 
Carnsew area of the Carnmenellis granite pluton as moderately heat producing (4–8 µWm-3; Huston 
et al., 2010). Other regions of the Cornubian Batholith would be classified as low heat producing – 
<4 µWm-3 – as maximum heat-production at each location was 2.67 µWm-3 (RQ1) and 2.17 µWm-3 
(LC1; Table 6.5).  
 
Soultz-sous-Forêts  
Maximum present day heat-production was calculated to be 5.39 µWm-3 (Table 6.5), making the 
Soultz granite moderately heat-producing (4–8 µWm-3) (Huston et al., 2010).  
 
 
Discussion:  
Differences in mineralogy and elemental abundances between S- and I-type 
granites: implications for HPE enrichment 
 
6.4  Elemental variations: comparison with published data 
Elemental abundances measured in this study are compared with previously published data to 
determine the relative level of fractionation represented by these samples (Fig. 6.8), important when 
assessing enrichments measured in zircons from the new samples (Chapter 7). Samples from the 
Cornubian granites analysed in this study (Appendix 1, Table A1.15) appear to have significantly 
lower Rb concentrations for a given silica value compared to published values (Fig. 6.7a). At 72 
wt.% SiO2 the new data for the Carnmenellis pluton ranges from 249–360 ppm Rb, whereas in the 
literature Rb is ~420–546 ppm. More extreme differences are observed for the Land’s End pluton: a 
Table 6.5 – Heat production calculations for European analogues. 
Sample K20  (wt.%) 
Th  
(ppm) 
U  
(ppm) 
Heat production 
(µWm-3) 
CBM1 (1) 4.92 15.3 6.2 2.6 
CBM1 (2) 4.92 14.2 23.8 5.4 
RQ1 (1) 4.81 14.9 2.1 2.0 
RQ1 (2) 4.81 13.8 4.9 2.7 
LC1 5.57 15.6 2.2 2.2 
K102 (1) 4.47 23.7 2.1 2.6 
K102 (2) 4.47 32.9 10.5 5.4 
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single new analysis recorded 173 ppm Rb at 74 wt.% SiO2, whereas literature records 493–675 ppm 
Rb at 73 wt.% SiO2.  
 
The new data for the Soultz granite also display a slight discrepancy with published information: at 
70 wt.% SiO2 new Rb values range from 43–131 ppm, whereas literature records Rb to be 158 ppm 
(Fig. 6.7a). Other elements do not exhibit this significant difference from published values (Fig. 
6.7b–f). These differences in elemental concentrations could be analytical, reflect differences in the 
degree of alteration present, or a lack of homogeneity in the samples. Despite these differences with 
published Rb values, most European samples fit within the measured element ranges for their 
respective plutons; the exception is the Land’s End sample. This new analysis measures higher SiO2 
values than previously recorded for the pluton, and elements such as Rb, Cs and Nb plot outside of 
the published data spread. The sample analysed for whole-rock chemistry may not have been 
Figure 6.8 – Behaviour of Th, U, Y and P2O5 with increasing fractionation, using SiO2 as an indicator of 
fractionation, illustrating the different behaviour of elements in S-type (Cornwall) and I-type (Soultz) melts.  
Published Carnmenellis 
Published Land’s End 
Published Soultz 
Carnsew, Carnmenellis 
Rosemanowes, Carnmenellis 
Land’s End 
Soultz 
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homogeneous, and the coarse-grain size and K-feldspar phenocrysts may have skewed the results. 
For elements where new data reside amongst published values the new samples seem to be among 
the most fractionated within their respective plutons. This could mean the zircons studied in this 
thesis (Chapter 7) are derived from some of the most fractionated parts of the melt, and therefore 
may record slightly higher than average element abundances. 
 
6.5  Effect of accessory minerals on trace element abundances 
The Cornwall accessory mineral assemblage consists of several phosphate-bearing phases  –
xenotime, monazite and apatite – (Table 6.1; Jefferies, 1984), whilst Soultz only has one phosphate 
accessory mineral – apatite (Table 6.1; Stussi et al., 2002). Peraluminous granites have higher 
phosphorus contents than metaluminous granites for the same silica content, a result of apatite 
solubility increasing with high ASI values (Bea et al., 1992; London, 1992; Pichavant et al., 1992; 
Wolf and London, 1994; Bea, 1996b). This is observed in Figure 6.8d where there is some overlap 
in SiO2 contents between Cornwall and Soultz. At 71% SiO2, P2O5 contents is 0.19 wt.% in the 
metaluminous Soultz samples, whereas in the peraluminous Carnmenellis P2O5 contents is 0.25 
wt.%, increasing to 0.3 wt.% in Land’s End. Phosphorus-rich peraluminous melts (such as 
Cornwall) become saturated in monazite and xenotime at relatively low REE concentrations as the 
solubility of monazite and xenotime remain low regardless of ASI values (Rapp and Watson, 1986; 
Wolf and London, 1995). As such, REE-phosphates can be removed from the melt (e.g., by early 
crystallising biotite) resulting in a depletion of REE, Y, Th and U in residual melts (Fig. 6.8a and c).  
 
However, in metaluminous melts saturation in REE-phosphates (e.g., apatite) occurs at greater REE 
concentrations than peraluminous melts due to the scarcity of phosphate anions (Bea, 1996b). 
Minerals such as titanite and allanite become the primary repository for REE, Y, Th and U and are 
less effective than monazite and xenotime at removing these elements from the melt; for a given 
silica content these elements are therefore present in greater abundances in metaluminous melts 
(Bea, 1996b).  
 
Figure 6.8 demonstrates the relationship between fractionation and Th, U and Y content in the 
European samples. Both Th and Y steadily decrease in abundance between metaluminous and 
peraluminous melts (Fig. 6.8a and c), supporting the theory that monazite and xenotime fractionate 
earlier in peraluminous melts at lower elemental concentrations than in metaluminous melts (Bea, 
1996b). Uranium, however, shows much more variability (Fig. 6.8b) and is decoupled from Th and 
Y; at 72 wt.% SiO2, U varies from 2–24 ppm (Fig. 6.8b). Previous work noted U abundance varied 
on an outcrop scale in Cornwall, with one quarry in the Carnmenellis recording values from 10–
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21.4 ppm (Darbyshire and Shepherd, 1985; Chappell and Hine, 2006). Wheildon et al. (1981) also 
noted significant differences in U abundance with depth, with the range of concentrations exceeding 
a factor of two in the majority of wells. Chappell and Hine (2006) concluded U had been mobilised 
during post-magmatic alteration, and this would explain the scatter observed in Figure 6.8b. 
Hydrothermal fluid flow has also been documented for Soultz (Middleton et al., 2013), and could 
account for the range of U abundances recorded. If U behaviour was governed by accessory 
minerals (e.g., zircon) a correlation between the U and Zr would be expected; however, Zr shows a 
steady decrease within increasing fractionation (Fig. 6.7f) suggesting it is not controlling U 
abundance. Cuney (2009) noted that further fractionation (following monazite and zircon 
crystallisation) of peraluminous leucogranites lead to continued U enrichment – if the U content of 
the melt was significantly above the Clark value (3–4 ppm U) (Cuney et al., 1990; Ibrahim et al., 
2000) – until uraninite crystallised, and uraninite has been documented in the Cornubian granites 
(Jefferies, 1984; Müller et al., 2006).  
 
Phosphorus activity in peraluminous and metaluminous melts affects the timing of accessory 
mineral crystallisation, and subsequently the REE, Y, Th and U enrichment achieved in the melt. 
This work would seem to imply that Th abundances would be greatest in metaluminous, I-type 
melts as accessory titanite and apatite crystallise later and are less effective at removing these 
elements than peraluminous accessory phases (monazite, xenotime), and as such would be more 
prospective for EGS development. The variability in U abundance exhibited in peraluminous 
granites, coupled with their lower Th concentrations, could make metaluminous granites a sounder 
prospect for EGS development.  
 
6.6  Calculated heat production for S- and I-type granites  
Heat production values for samples analysed in this project are given in Table 6.5. Relatively low 
values were calculated for all the European samples, with only one sample classified as moderately 
(4–8 µWm-3) heat producing: 5.4 µWm-3 (CBM1 (2), Carnmenellis pluton). When U and Th 
abundances are compared to those reported in the literature (Tables 6.6 and 6.7) the U values for 
these new samples appear very low. Points of interest from Chappell and Hine (2006) include 
sample GPE13 from the Rosemanowes Quarry, Carnmenellis – the location of sample RQ1, and 
samples LE1 and GPE 19 from Lamorna Cove quarry – the location of sample LC1. Samples Carn 
1 and LE from Charoy (1986) are from Penrym Quarry (near Carnsew, location of sample 
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Table 6.7 – Heat production values for the Land’s End pluton, Cornwall, calculated from 
published K20, Th and U values. 
Sample K20  (wt.%) 
Th  
(ppm) 
U  
(ppm) 
Heat 
production 
(µWm-3) 
LE1 5.57 25.9 17.9 7.5 
GPE19 5.43 25.5 13.9 6.3 
LE4 5.40 24.5 15.4 6.7 
LE3 5.69 22.9 18.9 7.6 
GPE20 5.24 10.9 6.7 3.2 
LE2 4.99 9.3 22.3 7.4 
GPM 5.19 9.1 3.5 2.2 
CGG 6.03 28.1 12.8 6.3 
LE 5.39 27.5 14.5 6.6 
Sources: LE, Charoy (1986); LE1–GPM, Chappell and Hine (2006); CGG, Müller et al. (2006). 
Table 6.6 – Heat production values for the Carnmenellis pluton, Cornwall, calculated from 
published K20, Th and U values. 
Sample K20  (wt.%) 
Th  
(ppm) 
U  
(ppm) 
Heat 
production 
(µWm-3) 
GPE11 5.03 18.3 13.5 5.7 
GPE16 5.08 21.4 17.5 7.0 
GPE14 4.70 21 17 7 
GPE12 5.10 20 18.9 7.3 
GPE15 4.85 18.3 18.2 7.0 
GPE17 5.11 19.2 12.5 5.5 
GPE13 5.05 17.1 18.9 7.1 
Carn1 5.28 19 13.5 5.7 
Carn2 5.02 19 10.6 4.9 
Carn3 5.19 18 10.4 4.8 
Carn4 4.94 20 15 6 
Carn5 4.90 23 21.4 8.2 
Carn6 4.83 24 9.6 5.0 
Carn7 4.95 15 10.3 4.5 
Sources: Carn1–7, Charoy (1986); GPE11–GPE13, Chappell and Hine (2006).  
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CBM1) and Lamorna Cove (location of LC1), respectively. These previous results record U 
contents in the region of 13–18 ppm, a difference that significantly affects the calculated heat-
production values. All heat production values for the published results listed for the Carnmenellis 
pluton in Table 6.6 are moderate-to-high heat-producing, and samples from the areas of interest in 
the Land’s End pluton are also calculated as moderately heat producing (Table 6.7). Alteration and 
U mobilisation and the resulting variations in U concentration across the plutons (6.5) likely 
explains the variation in calculated heat production values, both in this and previous studies. In 
Soultz, Stussi et al. (2002) previously analysed sample K102 (although 2.1 m shallower than the 
sample in this study), and a calculated moderate heat production value of 7.2 µWm-3 (Table 6.8).  
 
Calculated heat-production values for the S-type Carnmenellis (2–5.4 µWm-3 this study, 4.5–
8.2 µWm-3 literature) and Land’s End (2.2 µWm-3 this study, 2.2–7.6 µWm-3 literature) plutons and 
the I-type Soultz granite (2.6–5.4 µWm-3 this study, 4.1–8 µWm-3 literature) have a very similar 
range. This would suggest, in terms of heat production, that both S- and I-types are equally 
prospective to EGS development. Previously it was established that increased fractionation in I-type 
granites decreases Th contents whilst U contents remain relatively unchanged, making less 
fractionated I-type granites a prospective target for EGS development (6.4, Fig. 6.8a). However, in 
S-type granites the relatively low Th abundances (a result of early monazite and xenotime 
crystallisation) are offset by higher maximum U abundances, possibly a result of late-stage 
enrichment and remobilisation and redistribution following post-magmatic alteration. The effect is 
similar heat production values for both S- and I-granite types. 
Table 6.8 – Heat production values for the Soultz granite, France, calculated from published K20, 
Th and U values. 
Sample K20  (wt.%) 
Th  
(ppm) 
U  
(ppm) 
Heat production 
(µWm-3) 
K102 4.84 37.1 14.1 7.2 
K75 4.91 32.7 10.4 5.9 
K91 5.16 55.3 12 8 
K96 4.65 34.3 8.6 5.5 
K109 7.05 34.9 12.4 6.9 
K119 4.15 34.7 11.7 6.3 
K134 5.49 44.5 9.4 6.6 
K136 5.62 32.2 9.1 5.6 
K143 4.34 30.2 6.2 4.5 
K155 3.84 24 6.6 4.1 
K169 4.08 31.7 11.5 6.0 
K178 4.12 27.5 6.3 4.3 
K181 4.19 30.2 9.7 5.4 
K203 4.33 35 9.7 5.8 
Cocherie 3.45 46.8 13.4 7.6 
Sources: K102–K203, Stussi et al. (2002); Cocherie et al. (2004). 
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Chapter 7 -  
Zircon chronochemistry, and zircon location, 
within the European analogues 
 
 
The ability of zircon chronochemistry to address questions regarding the timing of elemental 
enrichments in granite has been addressed in Chapters 3 and 5. In this chapter the two European 
analogues – Cornwall, UK, and Soultz-sous-Forêts, France – are being investigated to provide a 
basis of comparison with the BLS granites. One of the overarching research questions in this thesis 
is whether different HHPGs exhibit different enrichment histories; as part of this question it is 
important to assess whether compositional variability (I-/S-/A-type granites) also affects the 
elemental signatures recorded in zircons. Another research question – when do granitic magmas 
become enriched in the HPE – can be addressed through zircon chronochemical studies of the 
European analogues. In Chapter 5 it was concluded that extreme elemental enrichments in the BLS 
granites occur around the time of emplacement and through localised fractionation processes, as 
recorded in some zoned zircons (although these localised processes don’t enrich the magma as a 
whole); is the process of enrichment the same for the European granites?  
 
Results 
7.1 CL-SEM 
For details as to the different types of growth zoning patterns and recrystallisation textures, see 
sections 3.2.2 and 5.1. 
 
Cornwall 
Table 7.1 compares differences observed in zircon internal zoning patterns and recrystallisation 
textures for the Cornish granites, with accompanying figures (Figs. 7.1–7.3) providing examples of 
these textures. Inherited zircons are common within the Cornish granites and are recognised by 
contrasting CL responses between core and rim, the (often) rounded morphology of zircon in the 
core, and the uneven boundary between core and rim (Fig. 7.1d). Convoluted zoning in zircons 
from Land’s End (Fig. 7.3a) is not as extreme as that seen in zircons from the Carnmenellis pluton 
(CBM1, Fig. 7.1c and RQ1, Fig. 7.2c), suggesting a smaller range of trace element variation across 
the grain (5.1). Zircons with all of the textural characteristics outlined in Figures 7.1–7.3 were 
analysed using LA-ICP-MS to determine whether they formed any distinct populations, defined 
either by age or elemental abundance. 
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Soultz-sous-Forêts  
Table 7.1 presents the internal zoning patterns and recrystallisation textures observed in Soultz, 
with examples in Figure 7.4. Oscillatory zoning is present in all grains, with 60% of grains 
displaying oscillatory zoning throughout, and 40% displaying oscillatory zoning around grain rims 
(usually surrounding areas of convoluted zoning in grain cores; Fig. 7.4d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7.1 – Internal zoning patterns and recrystallisation textures as determined from CL-
SEM images of zircon from the European analogues.  
 CBM1 
Carnmenellis 
RQ1 
Carnmenellis 
LC1 
Land’s End 
K102 
Soultz 
Total no. of grains 
analysed by LA-ICP-MS 121 136 149 119 
Oscillatory zoning 
throughout grain (%) 
17 
(Fig. 7.1a) 
43 
(Fig. 7.2a) 
9 
(Fig. 7.3b) 
60 
(Fig. 7.4…) 
Oscillatory zoning 
around rim (%) 
76 
(Fig. 7.1c) 
50 
(Fig. 7.2b) 
75 
(Fig. 7.3a) 
40 
(Fig. 7.4d) 
Sector zoning (%) – 7 (Fig. 7.2a) – – 
Metamict throughout 
grain (%) – – – – 
Metamict core (%) 1 
(Fig. 7.1c) – – – 
Metamict rim (%) – – – – 
Resorption zones present 
(%) 
57 
(Fig. 7.1 
30 
(Fig. 7.2e) 
38 
(Fig. 7.3b) 
19 
(Fig. 7.4a) 
Convoluted zoning/ 
homogeneous CL 
response (%) 
31 
(Fig. 7.1 
15 
(Fig. 7.2c) 
23 
(Fig. 7.3a) 
14 
(Fig. 7.4d) 
Distinct inherited core  36 
(Fig. 7.1d) 
7 
(Fig. 7.2e) 
11 
(Fig. 7.3d) – 
Black CL core (%) 9 13 3 1 
Black CL rim (%) 89 77 32 17 
White CL core (%) 40 7 4 2 
White CL rim (%) – 2 2 – 
Black or white CL response represents the extreme CL responses; grey CL intensities were not taken into 
consideration. 
 
 123 
A 
E D 
C B Oscillatory 
zoning 
Resorption 
zone 
Metamict 
core 
Embayment 
Inherited 
core 
Figure 7.2 – Zircon CL patterns in sample RQ1, 
Carnmenellis pluton. (a) Oscillatory zoning; (b) resorption 
zone; (c) convolute zoning; (d) embayments; and (e) 
inherited cores (core 833 ± 41 Ma, 1669 ppm U, 330 ppm 
Th; rim 311 ± 7 Ma, 2813 ppm U, 117 ppm Th). Ablation 
hole 30 µm. 
 
Figure 7.1 – Zircon CL patterns observed in sample CBM1, Carnmenellis pluton. (a) Oscillatory zoning; (b) 
resorption zones, with grain recording contact with compositionally different magmas (core 437 ± 23 Ma, 469 
ppm U 195 ppm Th; rim 303 ± 7 Ma, 3421 ppm U, 60 ppm Th); (c) convolute zoning; and (d) inherited cores 
(core 1541 ± 37 Ma, 51 ppm U, 10 ppm Th; rim 367 ± 21 Ma, 699 ppm U, 20 ppm Th). Ablation hole 30 µm. 
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Figure 7.3 – Zircon CL patterns in sample LC1, Land’s End pluton. (a) Oscillatory and convoluted zoning; (b) 
resorption zones; (c) local recrystallisation; and (d) inherited cores (core 909 ± 22 Ma, 131 ppm U, 44 ppm Th; 
rim 260 ± 6 Ma, 5280 ppm U, 91 ppm Th). Ablation hole 30 µm. 
 
Figure 7.4 – Zircon CL patterns in sample K102, Soultz-sous-Forêts. (a) Resorption zones; (b) 
oscillatory zoning; (c) local recrystallisation; (d) convoluted zoning in grain cores; and (e) inherited 
cores (core 434 ± 18 Ma, 303 ppm U, 161 ppm Th; rim 422 ± 14 Ma, 207 ppm U, 187 ppm Th). 
Ablation hole 30 µm. 
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7.2 Zircon U/Pb ages 
Selection criteria for zircon LA-ICP-MS ablation sites are outlined in 3.3.2.2. Table 7.2 gives the 
number of zircon grains, individual analytical spots, core rim pairs, rejected LC-ICP-MS analyses 
and concordant LA-ICP-MS analyses for zircons from the European granites. Concordant grains 
with >2000 ppm U were removed from the final U/Pb age calculations so as not to skew the results 
towards an apparently younger emplacement age (3.2.1.3), although their apparent emplacement 
ages are reported separately to assess the ability to date high U zircon grains independently (Table 
7.3). Table 7.4 illustrates how many high U analyses (>2000 ppm) were recorded in each sample 
relative to the number of analyses with <2000 ppm U, whilst Figure 7.5 presents the range of U and 
Th enrichments measured within the European analogues and illustrates the level of enrichment 
attained by the majority of zircons. Tables presenting all LA-ICP-MS zircon chronochemistry 
results are provided in Appendix 2. Zircon U/Pb age results will be presented in probability density 
plots to assess the spread of the zircon U/Pb age data, and weighted mean ages will be used to 
define different zircon age populations present within a sample.  
  
Table 7.2 – Sampling details for zircon LA-ICP-MS U/Pb analyses for the European 
analogues. 
 Total no. 
of grains 
analysed 
Total no. 
of spots 
analysed 
No. of 
grains 
analysed  
(Iolite) 
No. of 
spots 
analysed 
(Iolite) 
No. of 
core/rim 
pairs 
No. of 
concordant 
analyses* 
No. of 
discordant 
analyses 
CBM1 121 153 100 125 25 50 28 
RQ1 136 151 130 144 14 102 15 
LC1 149 181 130 161 31 91 24 
K102 119 139 109 125 16 75 16 
*Concordant analyses with <2000 ppm U. The number of spots, and corresponding number of grains, analysed 
by Iolite represent analyses extracted from the Iolite DRS. In some instances where an inclusion had been 
targeted for the majority of the analysis the analysis was not exported from Iolite for further data reduction. One 
round of LA-ICP-MS analyses (Appendix 2) did not export propagated errors, hence the discrepancy between 
total number of spots analysed and the number of spots exported from the Iolite DRS.  
 
Table 7.3 – Zircon U/Pb ages for the subset of concordant analyses with high (>2000 ppm) U 
abundances within the European analogues. Analyses are not included with those used for 
geochronology (3.2.1.3). 
 U range (ppm) U/Pb Age (Ma) n MSWD 
CBM1 2075–4227 294 ± 13 6 6.9 
RQ1 2624–4100 298 ± 35 4 36 
LC1 2802–6160 279 ± 19 5 15 
K102 – – – – 
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Table 7.4 – Total number of zircon analyses (concordant and discordant, excluding inclusions) 
above and below 2000 ppm U within the European analogues.  
 < 2000 ppm U > 2000 ppm U 
CBM1 70 8 
RQ1 107 10 
LC1 101 15 
K102 90 1 
 
 
Assessment of zircon age populations 
The methods used to identify age populations are outlined in 5.2.1. Probability density plots, used 
to help identify outliers, are presented in Figure 7.6, whilst weighted average plots defining zircon 
age populations are presented in Figure 7.7. For clarity, two inherited zircons in RQ1 (823 Ma and 
505 Ma) and five inherited zircons in LC1 (2503 Ma, 1790 Ma, 1046 Ma, 952 Ma and 902 Ma) 
were excluded from the weighted average plots. Zircons dating younger than the age of 
emplacement are not present within the Cornish granites; even high-U analyses (>2000 ppm) do not 
record young ages (Table 7.3), and instead correspond remarkably well to the emplacement ages 
presented in Figure 7.7 (although with very large MSWDs). Inherited zircons are common within 
the Cornubian granites, although often they are not representative of a population as few analyses 
correspond to a particular age (Fig. 7.7a). In Soultz, no concordant zircons record >2000 ppm U, 
although some analyses still record ages younger than those of emplacement (Fig. 7.7g).  
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Figure 7.5 – Histograms showing the range of U and Th abundances present within zircons from the European 
analogues. Elemental abundances obtained from concordant and discordant analyses; analyses deemed to have 
analysed an inclusion were not included in the trace element results.  
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Figure 7.6 – Probability density plots for the European analogues, constructing the cumulative Gaussian 
probability curve based on concordant zircon U/Pb analyses (histogram illustrates the number of analyses 
falling into a particular age bracket).  
 
 129 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 – Weighted average plots for concordant zircons 
(<2000 ppm U) in the European analogues. Age populations 
within the sample are highlighted. Data error symbols 2σ. A 
range of ages is presented where the MSWD indicates the 
population is not homogeneous. 
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292 ± 8 Ma 
n=8, MSWD 0.93 
Inherited population 
415 ± 12 Ma 
n=7, MSWD 0.83 
Emplacement population 
277 – 317 Ma (295 ± 8 Ma) 
n=77, MSWD 4.1 
Ancient inherited population 
614 ± 43 Ma 
n=3, MSWD 1.8 
Inherited population 
412 ± 11 Ma 
n=13, MSWD 2.3 
Emplacement population 
246 – 303 Ma (280 ± 7 Ma) 
n=42, MSWD 7.1 
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D 
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7.3 Zircon trace element chemistry 
The ability of LA-ICP-MS to simultaneously collect U/Pb age and trace element data from an 
individual ablation site was outlined in sections 3.3.2 and 5.3. Relationships between U, Th and Lu 
abundances with age are investigated in Figures 7.8–7.10, documenting behaviour of key HPE 
through time. Lu is representative of the HREEs favoured by zircon (3.3.2 and 5.3; Fig. 7.10). Age 
populations (Fig. 7.7) are used to group trace elements accordingly. Tables documenting the trace 
element abundances of all zircon analyses, and associated uncertainties, are listed in Appendix 2. 
 
The Rayleigh crystal fractionation equation (5.3) is utilised to assess the minimum level of 
fractionation required to produce the range of elemental abundances measured in zircon populations 
(Tables 7.5 and 7.6). This will inform interpretations of how these enrichments arose; if the level of 
minimum fractionation required is very high it is more likely extreme fractionation occurred in 
localised regions of magma, as opposed to operating on a pluton scale. By comparing the elemental 
enrichments of different zircon age populations it will also be possible to identify the timing of 
extreme enrichments in the melt.  
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Figure 7.8 – U vs age (Ma) as measured by LA-ICP-MS analyses of concordant zircons from the European 
analogues, illustrating the changing abundance of U through time. One 2500 Ma analysis (119 ppm U) was removed 
for clarity. Shaded zone highlights zircons forming the emplacement-aged population, whilst zircons to the left of 
the shaded area (in K102) form the apparently younger, Pb-loss, population and those to the right form the inherited 
population(s). 
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Figure 7.9 – Th vs age (Ma) as measured by LA-ICP-MS analyses of concordant zircons from the European analogues, 
illustrating the changing abundance of Th through time. One 2500 Ma analysis (63 ppm Th) was removed for clarity. 
Shaded zone highlights zircons forming the emplacement-aged population, whilst zircons to the left of the shaded area 
(in K102) form the apparently younger, Pb-loss, population and those to the right form the inherited population(s). 
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Figure 7.10 – Lu vs age (Ma) as measured by LA-ICP-MS analyses of concordant zircons from the European 
analogues, illustrating the changing abundance of Lu through time. One 2500 Ma analysis (30 ppm Lu) was removed 
for clarity. Shaded zone highlights zircons forming the emplacement-aged population, whilst zircons to the left of the 
shaded area (in K102) form the apparently younger, Pb-loss, population and those to the right form the inherited 
population(s). 
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Table 7.5 – Minimum and maximum U, Th and Lu enrichments measured in zircons from samples CBM1 and RQ1, Carnmenellis pluton, Cornwall, with 
analyses grouped according to age population. Increase related to the fold increase of the element in the melt, and %FX (fractional crystallisation) calculates the 
minimum amount of fractionation required to account for the range of enrichment. 
  CBM1 RQ1 
Element (ppm)  E I AI High U Discordant E I AI High U Discordant 
U Min. 520 145 51 2075 65 213 82 594 2624 326 
 Max. 1876 1048 1233 4227 1478 1981 1212 1669 4100 1600 
 Increase. 3.6 7.2 24.2 2.0 22.7 9.3 14.8 2.8 1.6 4.9 
 % FX 72 86 96 50 96 89 93 64 34 80 
Th Min. 39 63 10 44 8 28 20 38 129 50 
 Max. 752 668 877 184 368 615 356 399 183 577 
 Increase. 19.3 10.6 87.7 4.2 46 22.0 17.8 10.5 1.4 11.5 
 % FX 95 91 99 76 98 95 94 90 29 91 
Lu Min. 50 37 19 19 11 21 42 92 86 29 
 Max. 120 233 171 202 86 169 179 136 198 144 
 Increase. 2.4 6.3 9 10.6 7.8 8.0 4.3 1.5 2.3 5.0 
 % FX 58 84 89 91 87 88 77 33 57 80 
 
Table 7.6 – Minimum and maximum U, Th and Lu enrichments measured in zircons from LC1, Land’s End pluton, Cornwall, and K102, Soultz-
sous-Forêts, France, with analyses grouped according to age population. Increase related to the fold increase of the element in the melt, and %FX 
(fractional crystallisation) calculates the minimum amount of fractionation required to account for the range of enrichment.  
  LC1 K102 
Element (ppm)  E I AI High U Discordant Y E I Discordant 
U Min. 138 47 119 2802 111 240 406 52 370 
 Max. 1843 1290 988 6160 3610 1614 1850 303 1640 
 Increase. 13.4 27.4 8.3 2.2 32.5 6.7 4.6 5.8 4.4 
 % FX 93 96 88 55 97 85 78 83 77 
Th Min. 17 20 44 53 54 94 166 67 113 
 Max. 611 213 587 176 885 615 1590 187 960 
 Increase. 35.9 10.7 13.3 3.3 16.4 6.5 9.8 2.8 8.5 
 % FX 97 91 92 70 94 85 90 64 88 
Lu Min. 25.2 37.6 30.0 135.8 29.7 37.9 39.3 90.0 27.5 
 Max. 144.0 143.8 99.3 228.3 183.5 89.8 257.0 181.4 140 
 Increase. 5.7 3.8 3.3 1.7 6.2 2.4 6.5 2.0 5.1 
 % FX 82 74 70 41 84 58 85 50 80 
Y = younger population (result of Pb loss), E = emplacement population, I = inherited population, AI = ancient inherited population. 
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CBM1 
Inherited (376 ± 19 Ma) and ancient inherited (>500 Ma) zircons record some of the greatest U and 
Th enrichments: up to 1233 ppm U and 877 ppm Th in an ancient inherited core, and 1048 ppm U, 
668 ppm Th in an inherited core (Figs. 7.8 and 7.9a). In the majority of analyses Th contents is 
relatively low, ~200 ppm, but in (mostly core) analyses this can increase by three times as much; 
this increase in Th does not correlate with U contents. The greatest range of elemental abundances 
is recorded in these inherited populations (Table 7.5); this is expected as the inherited zircons likely 
derive from source rocks with a range of compositions and ages, given the spread of inherited ages 
(Fig. 7.7). Lutetium enrichment has a range over ~200 ppm, and enrichment is not correlated with 
U abundance (Figs.7.8 and 7.10a). Lu enrichment is greatest in inherited analyses. Emplacement 
ages record the greatest U abundances: up to 1876 ppm (Fig. 7.8a).  
 
RQ1 
Emplacement-aged analyses record the greatest U (1981 ppm) and Th (615 ppm) enrichments. 
Some ancient inherited analyses (>500 Ma) are also enriched relative to the majority of 
emplacement-aged analyses: up to 1669 ppm U and 399 ppm Th (Figs. 7.8 and 7.9b). As in CBM1, 
the majority of analyses have <230 ppm Th, but range from 30–1981 ppm U; five analyses (cores) 
have >230 ppm Th. The low Th/U is typical of S-type granites (e.g., Villaros et al., 2011), and 
likely indicates monazite was crystallising at the same time as zircon and competing for Th. 
Uranium and Lu exhibit a strong positive correlation (Figs. 7.8 and 7.10b). The grain cores that 
recorded above average Th contents also have elevated Lu. There does not appear to be a 
relationship between the location of the analysis in the grain and the level of enrichment recorded.  
 
LC1 
Uranium and Th in Land’s End exhibit very similar relationships between U and Th; in only four 
samples is Th enriched >230 ppm (Fig. 7.9c), and yet within this range U varies from 158 ppm to 
1843 ppm amongst emplacement-aged analyses (Fig 7.8c). If fractional crystallisation were 
responsible for these enrichments up to 97% fractional crystallisation would have been required 
(Table 7.5), which is incredibly high and unrealistic on any significant scale. The second highest Th 
enrichment is measured in an ancient inherited grain: 587 ppm, similar to Th enrichments for 
ancient inherited zircons in CBM1 and RQ1 Lutetium behaviour is similar to that in sample RQ1, 
exhibiting a positive correlation with U (Figs. 7.8 and 7.10c).  
 
K102 
Emplacement-aged analyses record the greatest U (1848 ppm) and Th (1590 ppm) enrichments 
(Figs. 7.8 and 7.9d), and with the least enriched emplacement-aged analyses recording 406 ppm U 
and 166 ppm Th (typical of zircons in felsic granites, e.g., Heaman et al., 1990), at least 78% 
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fractional crystallisation would be required (Table 7.5). U and Th display a strong positive 
correlation, with only slightly greater U enrichment relative to Th. Lutetium, however, has a 
relatively limited range amongst the majority of analyses (~60 ppm) for a range of ~1000 ppm U. 
Interestingly, the highest Lu values (181 and 257 ppm) are associated with very different U 
enrichments: 175 and 1848 ppm, respectively (Figs 7.8 and 7.10d). 
 
7.4 The importance of zircon location in granite 
7.4.1 Zircon location in the European analogues 
Cornwall 
In all samples from the Cornubian granites zircons are most commonly associated with biotite, 
found either armoured within biotite (e.g., Figs. 7.11a and b, 7.12b and c, and 7.13a and c), or 
intergrown with biotite and another mineral (e.g., quartz, Figs. 7.12a and 7.13b; plagioclase, Fig. 
7.13c). Zircons are also found armoured within quartz (Figs. 7.12d and 7.13f), and K-feldspar (Figs. 
7.12f and 7.13d). Zircons from all Cornubian Batholith samples are also found intergrown with 
minerals (along the grain boundaries), such as K-feldspar, quartz, plagioclase, ilmenite, magnetite, 
apatite and muscovite (sericite), in an assortment of combinations (Figs. 7.11–7.13). Sericite (where 
present, e.g., Figs. 7.12g and 7.13g) is the result of K-feldspar alteration (see 6.1.1).  
 
Soultz-sous-Forêts  
Zircons are predominantly found at the interface between crystals (as opposed to being armoured 
within minerals, as for the majority of zircons in the Cornubian granites). Zircons are observed 
bordering (Fig. 7.14b, e and f) and within (Fig. 7.14a and f) magnetite, and bordering K-feldspar, 
quartz, biotite, titanite and plagioclase, in a variety of mineral combinations (Fig. 7.14).  
 
 
Figure 7.11 – Examples of zircon locations within sample RQ1 (Rosemanowes, Carnmenellis). (a) Numerous 
zircons shielded within medium-grained biotite (PPL); and (b) zircons (surrounded by pleochroic haloes) 
associated with hexagonal apatite and ilmenite, all within medium-grained biotite (PPL).  
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Figure 7.12 – Examples of zircon locations within 
sample CBM1 (Carnsew, Carnmenellis pluton). (a) 
Zircon on the grain boundary between biotite and quartz 
(PPL); (b) zircon shielded within biotite (PPL); (c) 
abundant fine-grained muscovite and biotite (containing 
numerous zircons surrounded by pleochroic haloes) with 
zircons on the boundary between quartz grains (PPL); 
(d) zircon in quartz (PPL); (e) zircon on the boundary of 
muscovite and quartz (PPL); (f) zircon armoured within 
K-feldspar; and (g) zircon on the boundary between 
plagioclase and quartz grains (XPL).  
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Figure 7.13 – Examples of zircon locations within 
sample LC1 (Lamorna Cove, Land’s End). (a) Zircon 
shielded within biotite (PPL); (b) zircon on grain 
boundary between biotite and quartz (PPL); (c) 
numerous zircons armoured within biotite, as well as one 
on the boundary of biotite and plagioclase (centre; PPL); 
(d) zircon within K-feldspar (XPL); (e) zircon armoured 
within ilmenite, and also bordering ilmenite, magnetite 
and plagioclase (PPL); (f) zircon within quartz (PPL); 
and (g) zircon in quartz and bordering ilmenite (XPL).  
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Figure 7.14 – Examples of zircon locations within 
Soultz. (a) Zircon in magnetite near chloritised biotite 
and plagioclase (PPL); (b) zircon on the boundary 
between quartz and magnetite in close proximity to two 
titanite grains (XPL); (c) zircon on the boundary of 
titanite and quartz (PPL); (d) zircon on the boundary 
between titanite and chloritised biotite (PPL); (e) 
numerous zircon, on the boundary between K-feldspar 
and magnetite, as well as titanite and magnetite (XPL); 
(f) assorted zircons on the boundary between biotite 
and K-feldspar (bottom) and magnetite and K-feldspar 
(top; XPL); and (g) zircon within plagioclase (XPL).  
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Discussion  
7.5 Zircons in the European analogues: what they tell us about magma 
evolution 
It is important to compare the histories of enrichment in granites with different mineralogies and in 
different locations to understand what factors, if any, are consistent to HHPGs and the extreme 
elemental enrichments associated with them. The findings from the S-type Cornish samples and I-
type Soultz samples can be compared with each other (and later with the A-type BLS granites; 
Chapter 8) to assess the timing, and extent, of enrichment and factors responsible for these 
differences.  
 
7.5.1 Timing of granite emplacement  
Cornwall  
LA-ICP-MS U/Pb zircon dates for samples from the Carnmenellis pluton (CBM1 292 ± 8 Ma, and 
RQ1 295 ± 8 Ma) are within error of previous U/Pb monazite ages: 293 ± 0.7 Ma (Chen et al., 
1993) and 294 ± 0.6 Ma (Chesley et al., 1993). New U/Pb ages for the Land’s End pluton (sample 
LC1, 280 ± 7 Ma) are within error of the previous 279 ± 1.4 Ma U/Pb monazite age (Chen et al., 
1993), but slightly older than the 275 ± 0.5 Ma U/Pb monazite age of Chesley et al. (1993). These 
U/Pb zircon dates confirm magmatic activity and granite emplacement was occurring over an 
extended period of ~15 Myr in the Cornubian Batholith. Several inherited and ancient inherited 
zircons were dated, illustrating the variable age of detrital material in the source region and the 
importance of crustal recycling. In addition to supporting the previous U/Pb monazite dates, this 
new data also confirms the validity of U/Pb zircon dating for high U granites, a technique 
previously disregarded for these granites (Chen, 1995). Figure 7.15 summarises the emplacement 
ages of the European granites from this study. 
 
Soultz-sous-Forêts  
Zircon U/Pb LA-ICP-MS analyses of sample K102 dated granite emplacement to 316 ± 9 Ma, 
younger than previous zircon U/Pb SHRIMP and TIMS ages: 331 ± 9 Ma (MSWD 4.9) and 334 
+3.8/-3.5 Ma (MSWD 0.85; 2.1.8) (Alexandrov et al., 2001; Cocherie et al., 2004). The discrepancy 
between the U/Pb LA-ICP-MS age and the SHRIMP age of Alexandrov et al. (2001) can in part be 
explained by the high MSWD of the latter. The MSWD of 4.9 implies the presence of more than 
one age population, and if Silurian zircons within these granites were analysed (Fig. 7.7d) it could 
have skewed the results of Alexandrov et al. (2001) towards a slightly older age. The older TIMS 
age of Cocherie et al. (2004) does not have a high MSWD and therefore appears to reflect one age 
population; however, due to the nature of TIMS analyses (where the sample is dissolved into a 
homogeneous mixture; Parrish and Noble, 2003) any different age populations within the sample 
 141 
will have been averaged, and therefore the presence of multiple age populations would not be 
reflected by a high MSWD as for samples analysed using LA-ICP-MS.  
 
To explain this apparent discrepancy in ages it is important to evaluate the theory regarding 
emplacement of the Soultz granite. Hooijkaas et al. (2006) compiled a geological model of the 
Soultz granite based on information from four wells – EPS-I, GPK-1, GPK2 and GPK-3 (Fig. 2.10) 
– characterising granite facies and constraining their depths. Three main granite types were 
identified in Soultz: a porphyritic K-feldspar rich granite (1400–3500 m), a biotite- and amphibole-
rich granite (3800–4800 m), and a two-mica granite (4800–5900 m; 2.1.3) (Hooijkaas et al., 2006). 
Zircon U/Pb SHRIMP dating of the underlying two-mica granite generated an emplacement age of 
327 ± 7 Ma (MSWD 6.2). Intrusions from these two-mica granites into the overlying porphyritic 
granite (Traineau et al., 1991) support the idea of continuous granite emplacement during this 
period. Incremental assembly of different magma batches within the Soultz granite could result in 
the observed differences in zircon emplacement age recorded across the Soultz granite.   
 
Zircon U/Pb LA-ICP-MS dating also identified a 425 ± 17 Ma inherited zircon population; this age 
has only previously been dated in a couple of zircon cores from the underlying fine-grained granite 
in Soultz (424 ± 3.2 Ma and 428 ± 4 Ma; Cocherie et al., 2004). These inherited grains are evidence 
for a Silurian crustal contribution into the melt (possible sources material discussed below).  
 
 
 
CBM1 
LC1 
RQ1 
K102 
Figure 7.15 – Summary of the timing and duration of magmatism during emplacement of the European 
granites. Open symbols are new U/Pb zircon LA-ICP-MS ages from this study, filled symbols are previous 
dates determined for these granites (for references see 7.5.1). Error bars represent the uncertainty on the 
measured age. Capped error bars represent the age ranges for RQ1, LC1 and K102 emplacement-aged zircons 
analysed in this study. Their associated MSWDs (Fig. 7.7) imply the zircons do not represent a homogeneous 
population.  
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7.5.2 What are the sources of inherited zircons? 
Cornwall 
Inherited zircon populations have been dated to 376 ± 19 Ma in sample CBM1, 415 ± 12 Ma in 
sample RQ1, and 412 ± 11 Ma in sample LC1. Numerous other individual spot ages record zircon 
inheritance, however, they are too scattered to form distinct, statistically meaningful, age 
populations (Figs. 7.6 and 7.7).   
 
Although the age (and chemical composition) of Proterozoic crust in the region is not precisely 
known – no dated rock units in southern Britain exceed ~700 Ma (Hampton and Taylor, 1983) – 
basement is thought to range from 1200–800 Ma based on Rb-Sr (initial 87Sr/86Sr measured 
between 0.706 and 0.721) and Pb isotope data (Doe and Zartman, 1979; Hampton and Taylor, 
1983). This 1200–800 Ma age contradicts evidence from inherited zircons in the region (e.g., 1712 
± 28 Ma, Kennack Gneiss; Nutman et al., 2001), and also means ancient inherited grains dated in 
this study (the oldest U/Pb age is an individual spot dated to 2456 ± 70 Ma in Land’s End) greatly 
exceed these calculated ages. Hampton and Taylor (1983) did concede that their results were based 
on available samples, and that granite formed in an intra-crustal setting ‘may not have sampled the 
deepest levels of the crust’. New zircon U/Pb dating presented in this study (Fig. 7.7) does not 
identify a well-defined youngest inherited population, and therefore the inherited zircons cannot be 
used to inform the age of the basement in this region. In terms of the possible composition of this 
source region, Hampton and Taylor (1983) postulated the Sr and Pb signature originated from a 
crustal source (either a mixture of upper and lower crust or an undifferentiated crustal source).  
 
Inherited zircons dating to ~500 Ma have been previously recorded in the Land’s End region, 
particularly the Lizard Complex. The Man of War Gneiss, relict pre-Variscan basement, is the 
lowest structural unit in the Lizard Complex and records a Late Cambrian magmatic age of  
499 +8/-3 Ma (U/Pb zircon TIMS) (Sandeman et al., 1997; Cook, 1999). Zircons ~500 Ma have 
also been identified within the Traboe Hornblende Schist, providing a link with the continental 
rocks of the Old Lizard Head metasediments (where high U, magmatic zircons date to 502 ± 23 Ma 
and 473 ± 11 Ma in a granodiorite intrusion), and the Landewednack Schists (where a pelitic 
horizon contains ~500 Ma volcano-sedimentary zircons) (Nutman et al., 2001). Similar inherited 
ages were also dated in the Kennack Gneiss (formed during mixing of lower plate crust with a 
juvenile mantle-derived component; Shail and Leveridge, 2009), where an inherited core yielded an 
almost concordant spot age of 487 ± 24 Ma (Nutman et al., 2001). Some zircons in this sample also 
had individual spot ages of over 1700 Ma (Nutman et al., 2001). The ~500 Ma zircons dated by LA-
ICP-MS in the Cornish samples, particularly sample CBM1, could have originated from this period 
of Late Cambrian magmatism and been recycled by the later Carboniferous magmatism.  
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The inherited populations of 376 ± 19 Ma (CBM1), 415 ± 12 Ma (RQ1) and 412 ± 11 Ma (LC1) 
could originate from granite emplacement in a syn-collisional environment during closure of the 
Rheic Ocean (Dörr et al., 1999). Granite pebbles within the Menaver Conglomerate, Lizard 
Peninsula (south of the Carnmenellis), have lower intercept U/Pb zircon ages of 373 ± 6 Ma and 
422 ± 4 Ma interpreted to represent the age of granite emplacement (Dörr et al., 1999); these ages 
are within uncertainty of the new zircon populations identified in this study. Interestingly, upper 
intercept ages for these granite pebbles are 2606 ± 40 Ma and 2445 ± 19 Ma (Dörr et al., 1999), 
close to the oldest individual spot age dated in the Cornish granites (2503 Ma, LC1). Dörr et al. 
(1999) attributed the upper intercept inherited ages to the presence of Late Archaean or Early 
Proterozoic source terrain, and the range of inherited ages which have been incorporated into the 
granite samples dated in this study imply crustal material has been reworked throughout the 
Cornubian Batholith.  
 
Soultz-sous-Forêts  
The inherited 425 ± 17 Ma zircon population likely relate to Late Silurian–Early Devonian 
magmatic arc rocks emplaced during narrowing of the Rheic Ocean (the same event thought to 
result in 415–376 Ma inheritance in Cornwall, above) within the Mid German Crystalline Rise 
(Meisl, 1995; Oncken, 1997; Franke, 2000). Previous studies found similar U/Pb ages using Pb/Pb 
evaporation techniques in other areas of the MGCR, all of which have been associated with the Late 
Silurian–Early Devonian magmatic arc: ~433 Ma (Pfalz) (Reischmann and Anthes, 1996), 418 ± 18 
Ma (Spessart, Rotgneis), 410 ± 18 Ma (Spessart, Haibach gneiss) (Dombrowski et al., 1995), 398 ± 
3 Ma (Steinbacher Augnengneis), 412 ± 4 Ma (Liebensteiner Gneis) and 413 ± 9 Ma 
(Schmalwassersteingneis) (Zeh et al., 1997). 
 
7.5.3 What is the crystallisation age of the concordant ‘younger’ zircons? 
Soultz-sous-Forêts  
The concordant younger analyses are distinguished from the emplacement-age population by a 
distinct break in slope (Fig. 7.7d). Although the concordant younger zircons do not represent a 
meaningful age population due to their large scatter (Fig. 7.7d) it is important to determine their 
crystallisation age as they record up to ~2000 ppm U (Fig. 7.8d). The range of elemental 
abundances recorded by the younger population is similar to that of the emplacement-aged 
population (Table 7.6, Figs. 7.8 and 7.9d); concordant analyses with U/Pb spot ages younger than 
the age of emplacement appear to have crystallised from granitic magmas with similar elemental 
compositions to zircons dating to the time of emplacement. No zircons with high (>2000 ppm) U 
were analysed in the Soultz sample, and therefore these younger ages are unlikely to be the result of 
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Pb loss due to metamictisation and crystal instability (Allen and Campbell, 2012). Alternatively, 
fine fractures within the zircons could have opened the crystal to minor Pb loss (Whitehouse et al., 
1999). 
 
7.5.4 What is the crystallisation age of the high-U (>2000 ppm) zircons? 
Cornwall 
Concordant zircons with >2000 ppm U have been analysed in all samples. As part of the 
geochronology filtering parameters these analyses were removed from the final age calculations so 
as not to bias the results towards the younger ages often associated with high U grains. However, in 
Cornwall these high-U grains date to the age of emplacement (Table 7.3), although their associated 
Figure 7.16 – Concentrations of U vs Th as measured by LA-ICP-MS analyses of concordant, discordant, and 
high-U concordant zircons from the European analogues. Filled symbols = grain core, unfilled symbols = grain 
rim, grey shaded symbols = boundary region (analysis overlaps core and rim, identified through comparing 
location of laser ablation site with available CL-SEM images). 
 
Emplacement pop. 
Inherited pop.  
Ancient inherited pop. 
Younger pop. 
Discordant pop. – all 
High-U concordant pop. – all 
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uncertainties are larger than for emplacement-aged zircons with <2000 ppm U. Their elemental 
abundances and enrichment patterns also support their derivation from emplacement-aged magmas. 
Plots showing the relationship between U and Th (Fig. 7.16), and U and Lu (Fig. 7.17), show the 
high-U analyses extending the trend exhibited by the emplacement-aged analyses; this is 
particularly noticeable for U and Th in sample RQ1 (Fig. 7.16b) and U and Lu in Land’s End (Fig. 
7.17c). It is therefore proposed that these high-U zircons originate from the time of emplacement. 
This conclusion has important implications for assessing the timing of enrichment (7.5.1).  
 
Figure 7.17 – Concentrations of U vs Lu as measured by LA-ICP-MS analyses of concordant, discordant, and 
high-U concordant zircons from the European analogues. Filled symbols = grain core, unfilled symbols = grain 
rim, grey shaded symbols = boundary region (analysis overlaps core and rim, identified through comparing 
location of laser ablation site with available CL-SEM images). 
 
Emplacement pop. 
Inherited pop.  
Ancient inherited pop. 
Younger pop. 
Discordant pop. – all 
High-U concordant pop. – all 
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7.5.5 When did the discordant zircons crystallise? 
Cornwall 
It is important to try and understand when the discordant grains crystallised as some are associated 
with relatively high U, and especially Th, contents. The majority of discordant grains follow very 
similar enrichment trends to those observed in analyses dating to the time of emplacement (e.g., 
samples RQ1 and LC1, Fig. 7.17b and c, respectively). However, in RQ1 there are several 
discordant analyses with a broad range of Th enrichments over a very narrow range of U 
concentrations (~70–580 ppm Th over ~175 ppm U; Fig. 7.16b), and in LC1 there are two distinct 
trends among the discordant population: a high Th, low U population similar to RQ1 (~110–885 
ppm Th over ~200 ppm), and a high U, low Th population extending towards abundances 
associated with the high-U concordant population (up to 3610 ppm U but <200 ppm Th; Fig. 
7.16c). Based on concordant populations with similar elemental enrichments the divergent trends 
among discordant analyses suggest they originated from two different age populations. Analyses 
with high Th, low U enrichments measure similar elemental abundances to concordant analyses 
belonging to inherited or ancient inherited age populations. High U, low Th analyses continue the 
pattern of enrichment measured for the majority of emplacement-aged analyses (Fig. 7.16b), and in 
LC1 (Fig. 7.16c) they bridge the elemental abundances recorded by emplacement and high U 
analyses (which also crystallised at the time of emplacement; 7.4.4).  
 
Soultz-sous-Forêts  
The majority of discordant data points have an almost identical relationship to concordant analyses 
dated to the age of emplacement and reside within the same elemental range (Fig. 7.16d and Fig. 
7.17d). All discordant grains in Soultz are believed to have crystallised around the time of 
emplacement.  
 
7.6 Zircon chemistry and timing of enrichment 
LA-ICP-MS analyses of zircon have enabled identification of different age populations within the 
European analogues (Fig. 7.7). The populations, and their associated elemental abundances, can be 
used to analyse changes to magma composition over the evolution of the Cornwall and Soultz 
granites. 
  
7.6.1 When does enrichment (specifically in the heat-producing elements U and Th) occur? 
Cornwall 
Of the three samples from the Cornubian batholith, inherited analyses from the CBM1 sample 
exhibit Th enrichments similar to, or greater than, those recorded in emplacement-aged grains 
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(~800 ppm; Fig. 7.16a). As discussed previously in 3.2.3.3, cores with both white and black CL 
responses were targeted for LA-ICP-MS analysis so as not to bias the trace element results. The 
sample from the Land’s End pluton also has one inherited core from a 412 ± 11 Ma population 
recording ~590 ppm Th (Fig. 7.16c). The other Carnmenellis sample – RQ1 – does not record high 
Th abundances in inherited grains (Fig. 7.16b); the greatest Th enrichment dates to around the time 
of emplacement and is still significantly less than enrichments observed elsewhere in Cornwall 
(<580 ppm Th). This could be a result of monazite crystallising relatively earlier within RQ1, 
resulting in lower Th availability for zircon. There is a clear disconnect, however, between the 
timing of U and Th enrichment in CBM1 and LC1 (and to an extent RQ1): extreme U enrichments 
date to emplacement. This is supported by CL-SEM imaging of zircons; crystallisation around the 
time of emplacement would explain why the vast majority of grains have black CL rims (89% in 
CBM1, 77% RQ1 and 32% in LC1; Table 7.1). It is possible the source material from which the 
inherited grains originated had a different accessory mineral assemblage that did not effectively 
remove Th from the melt.  
 
Soultz-sous-Forêts 
Uranium and Th enrichment in inherited grains is far lower than emplacement-aged grains 
(maximum U enrichment <210 ppm and Th enrichment <190 ppm; Fig. 7.16d). Emplacement-aged 
grain cores and rims reach similar maximum U and Th enrichments (Fig. 7.16d, Fig. 7.17d). 
Elemental enrichments develop around the time of emplacement. 
 
7.6.2 Zircon location in relation to whole rock textures: origin and timing of extreme (heat-
producing) elemental enrichments  
Cornwall 
The majority of zircons in the Cornubian batholith are found within biotite (e.g., Fig. 7.11a and b, 
Fig. 7.12b and c, Fig. 7.13a and c). This implies zircons were present throughout the evolution of 
the melt as opposed to crystallising as a purely late-stage mineral, a conclusion supported by the 
stability of zircon in low temperature peraluminous melts (Watson, 1979; Watson and Harrison, 
1983). The large proportion of zircons enclosed within biotite (and shielded from surrounding melt) 
could explain the exceptionally high levels of inheritance (CBM1 35 analyses, RQ1 21 analyses, 
LC1 33 analyses) as well as the breadth of ages (Figs. 7.6 and 7.7). The majority of zircons not 
enclosed within biotite are located on grain boundaries (often intergrown with biotite); these are 
likely to have crystallised closer to the time of emplacement when minerals such as quartz and K-
feldspar were also crystallising. Enrichment histories in RQ1 and LC1 appear different to CBM1, 
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with similar U and Th enrichments in analyses dating from emplacement and inherited populations 
(Fig. 7.16b and c).  
 
Soultz-sous-Forêts  
The majority of zircons are located on grain boundaries or adjacent to phenocrysts, suggesting late-
stage crystallisation. There is a strong association between zircon and ferromagnesian minerals 
(particularly magnetite, but to a lesser degree biotite). This supports the relationship Bacon (1989) 
identified between accessory minerals and the crystal/liquid interface: boundary layer 
differentiation would be greatest adjacent to ferromagnesian minerals, particularly Fe-Ti oxides 
(e.g. magnetite). That zircons are armoured within early crystallising minerals such as magnetite 
(Fig. 7.14a, e and f) and biotite (Fig. 7.14d) implies early crystallisation in the melt or inherited 
grains acting as nucleation sites; the five inherited grains within the sample could have been 
preserved and shielded from the melt in this way.  
 
The localised areas around ferromagnesian grain boundaries could produce differentiated regions of 
melt with different elemental abundances than those observed in the majority of the melt, possibly 
explaining the origin of zircons recording higher U and Th abundances. Quite a spread in 
enrichments are observed around the time of emplacement (Fig. 7.16d); grains recording lower 
enrichments could have crystallised earlier in the magma and been armoured within minerals, while 
grains recording higher enrichments could have crystallised in boundary regions around 
ferromagnesian minerals in a localised area of enriched melt. 
 
7.6.3 Relationship between zircon and whole rock elemental abundances: do U and Th 
enrichments in zircon correspond with whole rock enrichments? 
Cornwall 
Little variation in whole-rock Th contents exists within the Cornubian granites, and average zircon 
Th contents also exhibit a small range, from 122–179 ppm (Fig. 7.18). There is minimal correlation 
between U contents in the whole rock and in zircon (Fig 7.18). Average U contents in CBM1 
whole-rock samples is almost three times that of RQ1, yet U content is ~360 ppm less in zircons 
from CBM1. Only one sample – LC1 – has comparatively low U abundance in both whole-rock 
samples (2 ppm) and zircons (565 ppm). This would suggest that for very compositionally similar 
samples the elemental enrichments may be too close as to reliably infer the relationship between 
whole-rock and zircon Th abundances. U abundances, however, still exhibit a disconnect. One 
explanation could be that the U abundances measured in the whole-rock are disconnected from their 
original magmatic abundances. Previous studies have recognised U to be mobile within the 
batholith, resulting in variable whole-rock abundances over both lateral and vertical extents 
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(Tammemagi and Smith, 1975; Chappell and Hine, 2006), and as such the magmatic signature 
recorded by the zircons would be disconnected from that of the whole-rock.  
 
Soultz-sous-Forêts  
The lack of data points for K102 limits the ability to assess the relationship between whole rock and 
zircon elemental abundances. Due to the different accessory mineral assemblages controlling REE, 
U and Th in melt between the S-type Cornwall and I-type Soultz samples, it is not possible to use 
the relationship observed in Cornwall as a guide.  
 
  
Figure 7.18 – Comparison between U and Th enrichment as measured in whole rock (ICP-MS) and zircon (LA-
ICP-MS) for the European analogues. Whole rock (WR) values are an average of all values measured for each 
sample, and zircon values are averages of concordant, low-U (<2000 ppm) analyses. 
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Chapter 8 -  
Discussion and conclusion 
 
 
It has long been known granitic magma generation has the ability to strongly differentiate the 
continental crust and concentrate (generally incompatible) elements such as the HPE U, Th and K 
in the upper crust (Sawka and Chappell, 1988; Vielzeuf et al., 1990; Wark and Miller, 1993; Taylor 
and McLennan, 1995; Brown and Rushmer, 2006; Kemp et al., 2007; Hawkesworth et al., 2010). 
High heat-producing granites are enriched in the HPE above UCC values, and their high heat flow 
can make them a potential target for EGS development (McLaren et al., 2006; Budd et al., 2007; 
Australia and ABARE, 2010). Three key factors influence magmatic elemental enrichments (and 
depletions) – source composition, the degree of partial melting, and fractional crystallisation. 
Additional factors such as the accessory mineral assemblage, tectonic setting, crustal thickness and 
history of regional magmatism are also of importance. Understanding how the combination of 
factors with the ability to influence elemental abundances can affect final elemental enrichments 
(and depletions) in HHPGs has been the ultimate goal of this thesis. By integrating the whole-rock 
and zircon chronochemistry results gathered in this thesis, it is now possible to address the research 
questions outlined in section 1.8 and answer the overarching question of this thesis: is there such a 
thing as an archetypal HHPG? 
 
8.1 Discussion 
8.1.1 Influence of granite type (I-/S-/A-) and inferred source composition on HPE 
enrichment and heat production 
Two previously geochemically well characterised S-type (Cornwall) and I-type (Soultz-sous-Forêts) 
granites were selected for comparison with the BLS granites. The type of granite the BLS 
represented was previously debated (2.1.1), and part of this study was to examine the whole-rock 
composition and accessory mineral assemblage to classify it and enable informed comparison with 
the European analogues. The lack of primary peraluminous phases preclude them being S-type 
(Table 4.1), but using the information presented in this thesis they can now be classified as A-type 
granites (4.5) based on their accessory mineral assemblage (Table 4.1), low phosphorous contents 
(Tables 4.3 and 4.4) and the behaviour of phosphorus with fractionation (Fig. 4.8). This thesis can 
now present a comparison of HPE enrichments and associated heat production between the three 
main compositional granite types.  
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Figure 8.1 illustrates the relationship between elemental enrichments (and depletions) with 
increasing fractionation across the three case study areas. The BLS granites are distinct as they are 
the most fractionated of the three granites, and they exhibit very different elemental relationships 
with fractionation compared to Soultz and Cornwall.  
 
In the European examples there is a strong decrease in Th abundance with increasing fractionation, 
therefore making the least fractionated granites the most enriched (Fig. 8.1a). This relates to the 
success of early crystallising phosphate minerals such as monazite and xenotime in removing U, Th 
and the REE from the melt (Bea, 1996b) (6.5); zircon also has a low solubility in low-temperature 
peraluminous melts, explaining the strong decrease in Zr with increasing fractionation (Fig. 8.1c) 
(Cuney, 2009). However, the BLS shows almost the reverse trend, with the most fractionated and 
altered granites (those with SiO2 contents over 76%, as discussed in 4.2.1) associated with the 
Figure 8.1 Whole-rock behaviour of the HPE Th (a) and U (b) with increasing fractionation (using SiO2 as an 
indicator), and comparison with Zr (c) and P2O5 (d) essential structural components of accessory minerals such as 
zircon (Zr), apatite, monazite and xenotime (P) to illustrate the different elemental behaviours of the three granites. 
Soultz 
Published Soultz 
Cornwall 
Published Cornwall 
Big Lake granites 
Published Big Lake granites 
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greatest Th enrichment. This increase in Th does not appear to correlate with the crystallisation of 
Zr-bearing minerals such as zircon (Fig. 8.1c) or P-bearing minerals such as apatite, monazite and 
xenotime (Fig. 8.1d). Other accessory minerals that contain Th (e.g., thorite) do not appear to have 
effectively removed Th from the melt, thereby allowing Th abundances to increase with 
fractionation.  
 
Uranium concentrations are highly variable amongst all the granites studied (Fig. 8.1b), likely the 
result of post-magmatic U mobility (4.1.1 and 6.5). Many studies have demonstrated trace elements 
(in particular LILE, LREE, U and Th) are prone to differential remobilisation during alteration 
under a range of conditions (Lowenstern, 2003; Schiano, 2003; Dawood et al., 2004; Davidson et 
al., 2007; Gray et al., 2011), in turn leading to concentrations of U enrichment (O'Connor et al., 
1982; Brown, 2011). However, there is a broader trend between the three case study areas: 
maximum U content increases with fractionation. In Soultz a maximum of 69 wt.% SiO2 is 
associated with 14 ppm U; in Cornwall, 72 wt.% SiO2 is associated with 24 ppm U; and in the BLS, 
76 wt.% SiO2 corresponds to 30 ppm U. Despite the large variability in U concentration for a given 
SiO2 value, it is advantageous to know that more fractionated granites have the potential to be 
associated with greater U abundances. Cuney (2009) noted U, Th, Zr and REE in peralkaline melts 
were continuously enriched during fractionation due to their high solubility, with U (and other 
elements) incorporated into late-crystallising complex minerals. Also, the low phosphorus content 
in peralkaline melts means phosphate minerals (apatite, monazite, xenotime) do not crystallise 
early, leading to increased elemental concentrations with fractionation (Breiter, 2012). This could 
explain why the pattern of enrichment (particularly Th and Zr; Fig. 8.1) observed in the A-type, 
peralkaline BLS is so different than that of the European granites. 
 
Figure 8.2a shows the relative spread in calculated heat production values for the three areas of 
interest. The majority of Soultz and Cornwall samples plot within the moderate heat production (4–
8 µWm-3) boundaries (Huston et al., 2010) and cover SiO2 contents ranging from 55–75 wt.%. 
Despite originating from source rocks of differing compositions – proposed feldspathic greywacke 
in Cornwall (Chappell and Hine, 2006), and in Soultz proposed crustal source materials include 
metamorphic greywacke (although unlikely due to the metaluminous nature of Soultz), granulite, 
amphibolite or meta-igneous rocks, with a minor mantle contribution (Rummel, 1992; Roberts and 
Clemens, 1993; Stussi et al., 2002) – the ultimate range of heat production values are very similar. 
Previously, the timing of accessory mineral crystallisation has been discussed in relation to 
peraluminous and metaluminous granites (6.5); despite earlier crystallisation of accessory monazite 
and xenotime in peraluminous melts at lower REE, Th and U abundances than metaluminous melts, 
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Figure 8.2 Relationship between heat production and HPE enrichment in 
Cornwall, Soultz and the BLS using whole-rock data. Shading indicates low 
(<4 µWm-3, green), moderate (4–8 µWm-3, blue) and high (>8 µWm-3, purple) 
heat producing granites. Boundaries defined by Huston et al. (2010). 
Soultz 
Published Soultz 
Cornwall 
Published Cornwall 
Big Lake granites 
Published Big Lake granites 
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post-magmatic alteration appears to have concentrated U enrichment in the S-type Cornish granites. 
The lower Th contents of the S-type granites have been balanced by the elevated U contents, 
resulting in similar final heat production values.  
 
The majority of the BLS granites, however, have calculated heat productions of >8 µWm-3 and are 
high heat producing. Figure 8.2b–d shows how the HPE correlate with heat production. As 
expected, there is minimal relationship between K2O content and heat production (Faure and 
Mensing, 2005), but U – and to a slightly lesser degree Th – show a strong positive correlation. 
Uranium values show significant overlap between sites, with the majority of all samples recording 
<20 ppm U (Fig. 8.2c). Thorium concentrations seem to have the greatest impact on overall heat 
production, with the majority of samples with >40 ppm Th in the BLS corresponding to high heat 
production values (Fig. 8.2d).  
 
The phosphorus content of granite is important as it controls the behaviour of REE, U and Th, and 
phosphate-bearing accessory minerals are more effective at removing these elements from the melt 
than silicate minerals (Bea, 1996b). Phosphorus contents are significantly lower in the BLS than the 
European analogues (up to ~0.35 wt.% in Cornwall; Fig. 8.1d), and range from <0.01 wt.% 
(Jolokia) to 0.06 wt.% (Habanero; Table 4.4), almost a third of the UCC average. Low phosphorous 
contents means accessory apatite, monazite and xenotime do not crystallise early in the melt, thus 
allowing the magma to become enriched in U, Th, REE and Y (Breiter, 2012) (4.5).  
 
Of the granites studied in this thesis, the highly fractionated A-type BLS granites record the greatest 
maximum enrichments in the HPE and consequently the highest heat-production values. In the BLS 
the dominant HPE – U and Th – both increase with fractionation due to the effect of low 
phosphorus on the melt, whereas Cornwall and Soultz record a strong Th decrease. The European 
analogues show a similar, decreasing trend for Th and Zr with increasing fractionation. This implies 
the Zr-bearing accessory minerals monazite and zircon (although to a lesser degree) were 
effectively removing Th from the melt; however, this relationship is not present in the BLS, with a 
wide range of Zr concentrations from 75–80 wt.% SiO2. In answer to the first research question, 
yes, different examples of HHPGs exhibit different enrichment and accessory mineral 
crystallisation histories. One possible explanation for these different enrichment histories could be 
the more differentiated (or altered; 4.2.1) nature of the BLS granites, with most >76 wt.% SiO2.  
This enhanced differentiation could explain the greater enrichment in the HPEs (particularly Th), 
and the lower P2O5 contents due to apatite fractionating earlier than in the Cornwall or Soultz 
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magma systems. The difficulty in trying to directly compare different granite types is discussed 
further in 8.2. 
8.1.2 Timing of extreme enrichments 
Previous studies into high surface heat flow and associated HHPGs identified the importance of 
enriched underlying Proterozoic crust in influencing elevated thermal regimes (Wyborn et al., 1992; 
Neumann et al., 2000; McLaren et al., 2003). Inherited Proterozoic zircon grains were dated in 
McLeod and the Carnmenellis and Land’s End plutons (Table 8.1). In only one analysis is the 
concentration of Th in an inherited grain greater than the maximum Th concentration from an 
emplacement-aged zircon (CBM1; Table 8.1); however, it should be noted that inherited zircons 
from a sedimentary rock do not reflect the composition of the source rock as a whole, instead 
providing information about the different protoliths comprising the source (as discussed previously 
in Chapter 7). The generally low elemental abundances recorded in inherited zircons supports the 
idea of extreme enrichments developing as a late-stage, localised process around the time of 
emplacement; however, further work would be required to support this (8.2). Elevated U and Th 
abundances in Proterozoic (or any underlying, enriched crust) are not a requirement for the 
production of HHPGs, but would be advantageous.  
 
8.1.3 Scales of extreme enrichment 
Extreme enrichments are believed to occur on a localised scale, predominating along the margin 
between growing phenocrysts (5.6.3 and 7.6.3). If diffusion is slower than crystal growth, elements 
being incorporated into, or rejected from, the boundary regions will create localised regions with 
elemental compositions very different to those of the surrounding melt (provided diffusion is 
dominant over convection) (Bacon, 1989; Wark and Miller, 1993). This idea of localised 
enrichment, independent to that of the bulk magma, has also been proposed by Clemens and 
Stevens (2012). In their discussion about the controls on chemical variation in granitic magmas they 
say ‘although fractionation may be extreme…these must be relatively small-scale and local 
phenomena in batholiths’, with fractionation operating independently in different sectors of plutons 
and ‘within relatively small regions’.  
 
. 
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8.1.4 Style of magma emplacement and the effect on heat production across the granite: the 
Big Lake Suite 
BLS samples were taken from two plutons associated with the underlying batholith (Fig. 2.9) and at 
different depths within those plutons (Fig. 4.11; Appendix 1, Table A.1.14) to determine how 
granite age and composition changed over vertical and lateral extents within the plutons. New U/Pb 
zircon dating implies the BLS granites were emplaced between 326 ± 7 Ma (Moomba; Fig. 5.8) and 
277 ± 11 Ma (Big Lake 1; Fig. 5.9a) in the southwest pluton. Granites in the northeast pluton cover 
a similar period: 318 ± 13 Ma (Jolokia 1; Fig. 5.9b) to 307 ± 8 Ma (McLeod 1; Fig. 5.9d). Although 
the resolution of these LA-ICP-MS zircon U/Pb ages is only ~8 Myr – a factor of their age and the 
inability to obtain external LA-ICP-MS precision greater than ± 3% (Klötzli et al., 2009; Allen, 
Table 8.1 – Inherited Proterozoic U/Pb zircons dated in this study and associated U and Th 
contents. Inherited elemental abundances are compared with maximum U and Th zircon 
enrichments from the time of emplacement to assess variation in enrichment.  
Sample location Proterozoic inherited population 
Emplacement-aged 
population maximum 
elemental abundance 
 Age (Ma) Th (ppm) U (ppm) Th (ppm) U (ppm) 
McLeod, BLS 1812 ± 62 67 146 1350 1714 
CBM1, Carnmenellis, 
Cornwall 
546 ± 11 
571 ± 21 
613 ± 46 
688 ± 54 
812 ± 73 
881 ± 35 
1004 ± 34 
1052 ± 28 
1056 ± 26 
1113 ± 35 
1141 ± 51 
1245 ± 38 
1250 ± 42 
1268 ± 40 
1285 ± 44 
1530 ± 50 
1541 ± 37 
1551 ± 48 
49 
27 
81 
53 
71 
31 
59 
60 
44 
69 
95 
72 
21 
877 
96 
362 
10 
138 
774 
234 
1215 
207 
412 
191 
301 
230 
121 
190 
526 
522 
48 
1233 
245 
571 
51 
255 
752 1876 
RQ1, Carnmenellis, 
Cornwall 
823 ± 41 
850 ± 20 
330 
38 
1669 
1255 615 1981 
LC1, Land’s End, 
Cornwall 
527 ± 25 
909 ± 22 
979 ± 31 
1030 ± 33 
1476 ± 35 
2503 ± 70 
83 
44 
62 
91 
82 
63 
988 
313 
368 
248 
150 
119 
611 1843 
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personal comm. 2012) – the new U/Pb zircon dates imply an extended period of somewhat 
continuous granite emplacement. 
 
Previous granitic batholith studies interpreted subtle differences in zircon crystallisation 
(emplacement) ages across intrusive bodies to reflect assembly through accumulation of pulsed 
dikes and sheets (Hutton, 1992; Coleman et al., 2004; Lipman, 2007; Michel et al., 2008; Farina et 
al., 2010; Memeti et al., 2010). It is therefore important to assess the architecture of the plutons: 
were they emplaced as a series of vertical dikes resulting in age and compositional variations 
covering relatively small horizontal extents (Coleman et al., 2004), or as a series of stacked sills 
resulting in compositionally similar, laterally extensive granite sheets (Michel et al., 2008). Figure 
4.11 shows heat production (and U and Th content) is highly variable with depth; these data do not 
seem to represent the presence of laterally extensive, compositionally similar layered sills within 
the BLS granites. Also, the emplacement of magma bodies at different depths within both plutons 
(Fig. 8.3), and the range of ages that comprise the emplacement-aged populations, could imply the 
BLS granites were emplaced as a series of vertical dikes that were able to rise in batches to different 
heights within their respective plutons (Fig. 8.4). 
 
Only through an informed understanding of subsurface emplacement architecture can 
compositionally similar (with the desired HPE enrichment and heat production) areas be 
consistently targeted by EGS developments. Greater understanding of regional magma 
emplacement is required to accurately comment on average crustal heat production; extrapolating 
temperatures using geothermal gradients will not provide accurate results (Siégel et al., 2013). 
Figure 8.3 – Relationship between depth and U/Pb zircon age in the southwest and northeast plutons of the BLS 
granites. Horizontal scale is not to scale and is for illustrative purposes only.  
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Figure 8.4 – Diagram illustrating possible scenario for assembly of the heat-producing granites studied in this 
thesis. Mantle underplating provides a thermal contribution to crustal melting, leading to partial melting of 
overlying basement (incorporating ancient inherited zircons) and the crust. Melting in the source region can also 
entrain younger inherited zircons (e.g., 415–500 Ma). Plutons accumulate through dike emplacement over several 
millions of years (e.g., the BLS). Insert: extreme elemental enrichments measured in zircons occur around grain 
boundaries (e.g., biotite and K-feldspar) at the site of emplacement. Zircons armoured within minerals (e.g., biotite) 
crystallised prior to these extreme enrichments. Cartoon not to scale.  
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Previous work to establish crustal temperatures at depth in Australia (Gerner and Holgate, 2010) 
has relied on bottom hole temperatures (from boreholes at various depths) in combination with 
thermal conductivity measurements. Due to the often shallow depth and scale of sampling, there has 
been little consideration regarding the structure of the underlying HHPG body and the effect this 
may have on heat flow measurements at 3–5 km depth – the depth required for EGS development.  
 
8.1.5 Factors that make a granite more likely to be high heat-producing 
One of the overarching aims of this research was try and identify whether there was such a thing as 
an ‘archetypal’ HHPG to inform future exploration initiatives for EGS. This study has concluded 
that although no one HHPG is representative, there are certain conditions under which HHPGs are 
more likely to form. This study has also assessed the relationship between U and Th contents in 
zircon and whole rock samples to determine the scale at which sampling and analyses are required 
to understand HPE enrichments.  
 
Granites generated and emplaced in within-plate, extensional settings with minimal material 
contributions from the mantle are the most likely to attain extreme enrichments. Although thermal 
input from mantle melts is often required to melt the overlying crust (Huppert and Sparks, 1988; 
Bergantz, 1989; Petford et al., 2000; Petford and Gallagher, 2001; Annen and Sparks, 2002), a 
material contribution from the mantle would inhibit or dilute extreme enrichments (Rudnick and 
Gao, 2003; Cuney, 2010; Clemens et al., 2011).  
 
The dominant period of U and Th enrichment recorded in zircons is around the time of 
emplacement. Pre-enriched crustal material (e.g., Proterozoic basement) is not deemed a 
requirement for extreme enrichments, although the composition of the source is important as it 
affects the crystallising accessory mineral assemblage and the elemental enrichments attained prior 
to crystallisation (8.1.1) (Bea, 1996b). Incorporation of new whole rock data with previous 
geochemical work shows the least fractionated I- and S-types (represented by Soultz and Cornwall) 
have the highest Th abundances (Fig. 8.1a), whilst greatest U enrichment is measured among the 
more fractionated samples from a suite (Fig. 8.1b). Highly fractionated A-type samples (>75 wt.% 
SiO2 in the BLS) show increasing U and Th with fractionation (4.5), suggesting A-type granites 
with low phosphorus content are most prospective for EGS development.  
 
Extreme enrichments are likely localised along grain boundaries and in areas between crystallising 
phenocrysts (5.6.3 and 7.6.3; Fig. 8.4) (Bacon, 1989; Wark and Miller, 1993; Clemens and Stevens, 
2012). Associations between zircons and Fe-Ti minerals (particularly oxides; 5.4.1 and 7.4.1) are 
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suggestive of these extreme enrichments as a strong boundary layer is known to develop around 
these minerals (Bacon, 1989). Trace element mapping studies analysed individual zircon grains 
using 7µm diameter LA-ICP-MS spots to enable visual documentation of the geochemical 
evolution of the magmatic system as recorded in the grain (Jackson and Chapman, 2012; Jackson et 
al., 2013). Within one Jurassic zircon 238U ranged from 132 ppm to 804 ppm, and 232Th from 4.92 
ppm to 226 ppm, whilst in another 238U ranged from 69.3 ppm to 785 ppm, and 232Th from 2.53 
ppm to 287 ppm (Jackson and Chapman, 2012). Based on this evidence a large range of elemental 
abundances recorded by zircons around the time of crystallisation, such as those documented in this 
thesis (Figs. 5.21 and 7.16), is feasible. 
 
The relationship between U content in zircon and the whole rock is highly variable (Figs. 5.23 and 
7.18). One reason for this discrepancy could be that U is being partitioned between several 
crystallising accessory phases, and zircon is not the dominant U-bearing phase. Alternatively, post 
magmatic hydrothermal alteration is thought to have affected U content in all the granites studied 
(8.1.1); uraninite (UO2)  – an accessory mineral present in all Cornish samples (Table 6.1) and 
Habanero (BLS; Table 4.1) – is the most easily leachable source of U (Cuney and Friedrich, 1987; 
Cuney, 2009; Tartèse et al., 2013). Current whole-rock values therefore may not represent 
magmatic abundances, explaining the lack of correlation with magmatic zircon values. In-depth 
LA-ICP-MS zircon chronochemistry studies constrain the timing of U enrichment within the melt, 
but zircon elemental abundances do not correlate with the overall abundance of U within the 
granite, nor record how post-magmatic leaching and redeposition have affected U abundance within 
the whole rock.  
 
8.2 Recommendations for future research 
CL-SEM images of in-situ zircons in thin section could provide a visual assessment of the level of 
enrichment found in zircons in different textural relationships (e.g., located within minerals or 
bordering phenocrysts). In-situ thin section electron microprobe (EPMA) studies of zircons could 
then quantify the extreme enrichments (and depletions) in these different locations, which could 
then be compared with the LA-ICP-MS zircon analyses from this study. EPMA analyses could test 
whether zircons bordering phenocrysts were more enriched than early crystallising zircons 
armoured within minerals (e.g., biotite) due to the effect of local saturation in boundary layers 
surrounding crystallising phenocrysts (Bacon, 1989). This work would serve to substantiate the 
conclusions of this research: enrichments recorded in zircons result from late-stage, localised 
process occurring along grain boundaries. 
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One limitation of LA-ICP-MS analyses is the relatively large beam size of ~30 µ diameter, with a 
35-second laser analysis creating a pit of ~25 µ depth (Chang et al., 2006). Many zircons located in 
finely crystalline regions were too small to have been included in the LA-ICP-MS analyses (e.g., 
Fig. 5.14b). In-situ thin section EPMA studies of these zircons (with a spot size of down to 1–2µ) 
may record even greater localised differentiation, and therefore U and Th enrichments, in these 
areas. However, as with LA-ICP-MS beam analyses, the size of the excited volume below the 
surface would also need to be considered when assessing the volume of the sample analysed and 
interpreting the results. 
 
The European analogue samples used in this study seem to represent some of the most fractionated 
granites within their respective plutons (Fig. 8.1). It would be of use to see if less fractionated 
samples within these granite suites recorded similar U and Th enrichments in zircon, and whether 
zircons resided in the same locations (across grain boundaries, in finely crystalline areas between 
phenocrysts, armoured within biotite). This would provide more insight into the development of 
HPE enrichments in HHPGs, and variation in heat-production across a variably differentiated 
granitic body. Similarly, the discussion in 8.1.1 highlighted the difficulty in comparing the BLS and 
European samples because the BLS granites in this study are highly differentiated and have 
possibly been affected by alteration. If a lower SiO2 granite within the BLS was investigated it 
would help to bridge the 65–75 wt.% SiO2 region occupied by the majority of the European 
samples, addressing a question that has arisen as a result of this work: are the extreme enrichments 
(particularly Th) in the BLS purely due to the higher level of differentiation? If BLS granites are 
investigated that are differentiated to the same extent as the European granites and they still show a 
different pattern and degree of enrichment, then more emphasis can be placed in future on targeting 
a particular granite type (e.g., A-type) rather than looking for a certain level of differentiation.  
 
To assess the effect an enriched source material (e.g., Proterozoic basement) would have on a 
resulting melt, partial melt modelling of these crustal materials would be required to calculate what 
the U and Th concentrations would be (Arth, 1976; Hoskin et al., 2000). Inherited zircons form only 
one part of this inherited source and may not accurately record elemental proportions present in the 
whole rock.  
 
Compilation of data from other HHPGs and granites possessing extreme enrichments should be 
conducted to verify the conclusions of this study. One of the problems with identifying prospective 
granites for EGS development is that, by their nature, they are buried up to ~5 km and are not 
always exposed in outcrop (e.g., the BLS). It is therefore paramount to assess available data to 
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identify a common set of characteristics between these granites on a broader scale than the three 
examined here. It is necessary to understand how the granites in this study fit in to the wider scheme 
of HHPGs; only one S-type, one I-type and one A-type were studied, and these particular examples 
may not represent the behaviour of other granites with similar compositional attributes. It would 
also be important to assess whether other highly fractionated granites (>75 wt.% SiO2) displayed a 
similar trend of increasing U and Th abundance with fractionation; in the I- and S-types examined 
in this thesis Th was shown to decrease with fractionation. Is increasing Th abundance with 
fractionation limited to very highly fractionated A-type granites, and is the accessory mineral 
assemblage found in the BLS typical of these granites? It is the combination of high U and Th 
abundances, as opposed to generally low Th and highly variable U, which lead to the high heat 
production values in the BLS.  
 
8.3 Summary 
 
I. Within-plate granites with minimal material contribution from the mantle are more likely to 
develop the extreme enrichments in radiogenic elements such as U and Th required for 
elevated heat production. Mantle melts are depleted in the HPE relative to upper continental 
crust, and their contribution would therefore dilute element enrichments. 
II. Enriched crustal material is not required for HPE enrichment in HHPGs, but can be 
beneficial. 
III. Different examples of heat producing granites exhibit diverse enrichment histories. Key 
factors are the composition of the source rock and the availability of elements such as 
phosphorous; these affect the crystallising accessory mineral assemblage and, consequently, 
the amount of elemental enrichment attained in the melt prior to crystallisation.  
IV. Extreme elemental (including U and Th) enrichments in zircons commonly date to the time 
of granite emplacement, and likely occur in localised boundary layers around crystallising 
phenocrysts (Fig. 8.4).  The minimum level of fractional crystallisation required to account 
for the range of enrichments measured within some zircon populations is up to 99%; these 
transient extreme enrichments would be localised around grain boundaries and are recorded 
by trace element-enriched zones in zircon. These localised extreme enrichments do not 
reflect the enrichment of the magma body as a whole.  
V. Whole rock U contents do not correlate well with measured U abundances in zircon; post-
magmatic hydrothermal alteration has resulted in U mobility. Despite the extreme variability 
in U abundance with differentiation, the most differentiated, A-type, granites record 
maximum U enrichment among the granites studied. 
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VI. Low phosphorous contents are beneficial to the development of REE, U and Th enrichments 
as the lack of early crystallising, P-bearing accessory phases (such as apatite, monazite and 
xenotime) allows concentrations in the melt to increase. Peralkaline, or A-type, granites are 
therefore deemed the most prospective for EGS development.  
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Appendix 1– 
Approach and methodology 
A1.1  ICP-OES at UQ 
Samples CBM1, RQ1, LC1 and K102 were crushed in a jaw crusher and disk mill to ~250 µm, with 
final crushing in an agate mill. Digested samples were transferred to 10 ml polypropylene tubes. All 
reagents used were sub-boiled double distilled, and Milli-Q water was used throughout the 
analytical procedure. All lab-ware were thoroughly cleaned by soaking in 1% Decon for 24 hours, 
rinsing with Milli-Q water, and soaking in 5% HNO3 for 24 hours. They were rinsed several times 
with Milli-Q water and oven dried before use. Dissolved major elemental concentrations were 
measured using a Perkin Elmer Optima 3300 DV ICP-OES in the Radiogenic Isotope Facility at 
UQ on November 26 2010. A calibration curve was achieved by diluting appropriate amounts of 
stock elemental standards (High Purity Standards, USA, or Perkin Elmer, Australia). JG2, JG3, 
JR1, JR2 (Geological Survey of Japan; standard values Table A1.1, measured standard values Table 
A1.2), were run as standards in a round robin analyses with unknowns and blanks to correct for any 
analyte present on the nebuliser. Sc, Lu and Y (known concentrations) were run as internal 
standards. Monitor solution is a mixture matrix-matched to the sample and is used to monitor the 
instrument drift for each wavelength. Blank solution consisted of a spike and 5% HNO3 (for rock 
fusion digest). Monitors and blanks were put in every six samples to monitor contamination and 
instrument drift, as well as at the start and end of the run. Calibration concentrations were analysed 
at the end of the samples to monitor the recovery of the standards.  
 
A1.2  ICP-MS at UQ 
Trace elements were measured by ICP-MS, also at UQ, on a Thermo Electron X-7 Series 
quadrupole ICP-MS in 2010 (analyses of Big Lake, Moomba, McLeod and Jolokia), on June 6 2012 
(initial analyses of CBM1, RQ1, LC1 and K102) and September 20 2012 (repeat analyses of 
CBM1, RQ1 and K102 samples). For trace element analyses, ~75 mg of powdered sample was 
placed in a Teflon bomb, to which 2.5 ml of 29 N Hf with 0.5 ml of 15.8 N HNO3 was added. The 
bomb was then capped and left in a 170°C oven for 5 days, after which it was opened and left on an 
80°C hot plate to cool down. 3 ml of 6N HCl was added and dried on a 100°C hot plate, before 
addition of 5 ml of 2.5 N HCl. The bomb was then re-capped and left on a hot plate overnight at 
120 °C, before being cooled down, opened and dried down on a 100 °C hot plate. 1-2 ml of 15.8 N 
HNO3 was added and dried down at 100 °C. This was repeated before 5 ml of 1N HNO3 was added. 
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The bomb was then re-capped and placed on the hot plate at 120°C overnight. Following this the 
solution was cooled down, placed in a centrifuge tube and centrifuged before analysis. Some of the 
bombs used during sample digestion at UQ were old and did not seal properly, and as a result some 
of the sample was not completely dissolved following oven digestion; this lead to a negative Ce 
anomaly in the majority of the samples analysed at UQ (Figs. 4.7 and 6.6), a feature not reported in 
previous trace element data. A Ce anomaly implies incomplete dissolution of monazite; in addition 
to Ce, this could have also lowered the apparent abundances of La, Nd, Pr, Th and Y within these 
samples. The majority of published data records more elevated element abundances, supporting the 
idea of slightly lower elemental yields within these new analyses. 
 
Analytical runs commenced with two blank analyses, the second of which is used as the baseline for 
the run. Blanks are used to check the consistency of the baseline measurements and to see if there 
are memory effects following sample analysis. A monitor (an aliquot comprising a mix of the 
samples to be analysed) was run after the blanks; monitors are analysed throughout the sample run 
to assess internal drift. Two rock standards were analysed: W-2 – a US Geological Survey diabase 
standard – was used as the calibration standard; measured standard values for BLS samples Table 
A1.3, and measured standard values for European samples Table A1.4. This standard was collected 
in 1976 from the Bull Run quarry near Centreville, Virginia. The USGS recommended values were 
derived using at least two independent techniques from at least two independent laboratories, with 
Table A1.1 – Published values (wt.%) 
for Geological Society of Japan 
standards. Values from Imai et al. (1995). 
 
 JG2 JG3 JR1 JR2 
SiO2 76.83 62.79 75.45 75.69 
TiO2 0.044 0.48 0.11 0.07 
Al2O3 12.47 15.48 12.83 12.72 
Fe2O3 0.33 1.62 0.35 0.27 
FeO 0.57 1.83 0.49 0.44 
MnO 0.016 0.071 0.099 0.112 
MgO 0.037 1.79 0.12 0.04 
CaO 0.70 3.69 0.67 0.50 
Na2O 3.54 3.96 4.02 3.99 
K2O 4.71 2.64 4.41 4.45 
P2O5 0.002 0.122 0.021 0.012 
H2O+ 0.33 0.67 1.16 1.19 
H2O– 0.12 0.17 0.20 0.22 
T-Fe2O3 0.97 3.69 0.89 0.77 
 
Table A1.2 – Measured values (wt.%) 
for Geological Society of Japan standards 
from ICP-OES analytical run of 
European samples at UQ. 
 JG2 JG3 JR1 JR2 
SiO2 72.3 67.29 76.83 43.66 
TiO2 0.25 0.48 0.044 1.6 
Al2O3 14.3 15.48 12.47 17.49 
Fe2O3     
FeO     
MnO 0.057 0.071 0.016 0.189 
MgO 0.69 1.79 0.037 7.85 
CaO 2.13 3.69 0.7 11.9 
Na2O 3.39 3.96 3.54 1.2 
K2O 3.96 2.64 4.71 0.24 
P2O5 0.083 0.122 0.002 0.056 
H2O+ 0.33 1.28 0.67 - 
H2O– 0.12 0.13 0.17 - 
T-Fe2O3 2 3.69 0.97 15.06 
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supplemental information from international data compilations (Flanagan, 1984; Gladney and 
Roelandts, 1988). Statistical treatment of the data uses the procedure outlined in previous USGS 
publications (Flanagan and D., 1980). Where information values are presented only a single method 
of analysis was used or results from independent laboratories were not in statistical agreement. The 
US Geological Survey Icelandic basalt standard BIR-1 was run as an unknown; measured standard 
values for BLS samples Table A1.5, and measured standard values for European samples Table 
A1.6. Samples for this USGS reference material were collected by Karl Gronwold of the Nordic 
Volcanological Institute at Reykjavik (Flanagan, 1984). Recommended elemental concentrations 
are reported when results from USGS interlaboratory studies using independent methods of analysis 
are in statistical agreement. Supplemental information is also provided  
from international data compilations (Govindaraju, 1994). Standards were analysed towards the 
beginning and the end of the run to assess the accuracy of the unknown analyses. Blanks and 
monitors were run after every fourth unknown analysis to assess any potential changes throughout 
the run. The elements 61Ni, 103Rh, 115In, 187Re, 209Bi, 235Np are uncommonly found in natural 
samples and therefore are good internal standards and are added as spikes to the unknown samples. 
These six elements are used to monitor drifts in elemental abundances during the analytical run as 
they should be present in the same amount; through assessing any differences measured it is 
possible to correct the values of the unknown samples being analysed. REE results for ICP-MS 
analyses of samples from the Big Lake Suite are presented in Tables A1.7–1.10. 
 
 
 
 
Table A1.3 – USGS values for the W-2 (diabase) standard compared to the 
concentrations measured during ICP-MS analyses of BLS samples at UQ. 
Element Recommended 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Measured 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Y 23 1.6 20.6 0.1 
La 10 0.59 10.65 0.07 
Ce 23 1.5 23.7 0.2 
Nd 13 1 13.2 0.1 
Sm 3.3 0.13 3.357 0.003 
Eu 1 0.06 1.119 0.003 
Dy 3.6 0.8 3.91 0.02 
Yb 2.1 0.2 2.1035 0.0008 
Element Information 
values (µg/g) 
 Measured 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Tb 0.63  0.63  
Ho 0.76  0.81  
Er 2.5  2.3  
Tm 0.38  0.33  
Lu 0.33  0.31  
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Table A1.4 – USGS values for the W-2 (diabase) standard compared to 
concentrations measured during ICP-MS analyses of European samples at UQ. 
Element Recommended 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Measured 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Ba 170 11 169.68 0.07 
Co 43 2.1 44.53 0.03 
Cr 92 4.4 92.8 0.5 
Cu 110 4.9 103.0 0.3 
Ga 17 0.89 17.4 0.3 
Hf 2.6 0.18 2.36 0.01 
Li 9.6 0.54 9.6 0.1 
Ni 70 2.5 70.0 0.2 
Rb 21 1.1 19.80 0.06 
Sc 36 1.1 36.1 0.1 
Sr 190 3 194.8 0.3 
Th 2.4 0.1 2.10 0.01 
V 260 12 262 19 
Zn 80 2 77 1 
Zr 100 2 87.9 0.23 
Y 23 1.6 20.113 0.007 
La 10 0.59 10.52 0.04 
Ce 23 1.5 23.2 1.8 
Nd 13 1 12.91 0.04 
Sm 3.3 0.13 3.266 0.003 
Eu 1 0.06 1.094 0.005 
Dy 3.6 0.8 3.81 0.03 
Yb 2.1 0.2 2.06 0.02 
Element Information 
values (µg/g) 
 Measured 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Be 1.3  0.75  
Cs 0.99  0.89  
Nb 7.9  7.3  
Pb 9.3  7.5  
Ta 0.5  0.5  
U 0.53  0.51  
Tb 0.63  0.62  
Ho 0.76  0.80  
Er 2.5  2.22  
Tm 0.38  0.33  
Lu 0.33  0.30  
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Table A1.5 – USGS values for BIR-1 (Icelandic Basalt) standard compared to 
concentrations measured during ICP-MS analyses of BLS samples at UQ. Standard 
deviation estimated as 5% of measured value and rounded to appropriate significant 
figure as only one BIR standard was run, meaning a true standard deviation could 
not be calculated. 
Element Recommended 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Measured 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Y 16 1 15 1 
La 0.63 0.07 0.62 0.03 
Ce 1.9 0.4 2.0 0.1 
Nd 2.5 0.7 2.4 0.1 
Eu 0.55 0.05 0.54 0.03 
Gd 1.8 0.4 1.9 0.1 
Dy 4 1 2.6 0 
Yb 1.7 0.1 1.7 0.1 
Element Information 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Measured 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Lu 0.26  0.26 0.01 
Sm 1.1  1.2 0.1 
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Table A1.6 – USGS values for BIR-1 (Icelandic Basalt) standard compared to 
concentrations measured during ICP-MS analyses of European samples at UQ.  
Element Recommended 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Measured 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Co 52 2 53.4 0.2 
Cr 370 8 415.1 0.5 
Cu 125 4 119.48 0.06 
Hf 0.6 0.08 0.548 0.005 
Li 3.6 0.2 3.6 0.2 
Nd 2.5 0.7 2.400 0.009 
Ni 170 6 52 9 
Sc 44 1 44.76 0.07 
Sr 110 2 109.0 0.1 
V 310 11 356 23 
Yb 1.7 0.1 1.70 0.02 
Zn 70 9 79 4 
Zr 18 1 14.10 0.07 
Y 16 1 14.650 0.004 
La 0.63 0.07 0.605 0.004 
Ce 1.9 0.4 1.7 0.2 
Nd 2.5 0.7 2.401 0.009 
Eu 0.55 0.05 0.528 0.003 
Gd 1.8 0.4 1.871 0.003 
Dy 4 1 2.56 0.01 
Yb 1.7 0.1 1.70 0.02 
Element Information 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Measured 
values (µg/g) 
Standard 
deviation 
(ppm), 1σ 
Ba 7  7  
Be 0.58  0.10  
Lu 0.26  0.25  
Nb 0.6  0.6  
Pb 3  3  
Sm 1.1  1.1  
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Table A1.7 – ICP-MS REE results (ppm) for Big 
Lake 1. UQ analyses. 
 Big 
Lake 1 
Big 
Lake 1 
Big 
Lake 1 
Big 
Lake 1 
 3056.5 3057.0 3057.3 3057.7 
Y 117.8 119.9 116.1 105.5 
La 129.28 165.29 114.69 152.87 
Ce 254.0 318.9 227.6 296.3 
Pr 26.21 32.63 23.67 30.08 
Nd 79.7 98.5 72.2 89.4 
Sm 15.53 18.76 14.09 16.36 
Eu 0.21 0.24 0.19 0.21 
Gd 13.68 15.56 12.81 13.24 
Tb 2.55 2.79 2.45 2.37 
Dy 17.00 17.83 16.61 15.45 
Ho 3.78 3.87 3.72 3.40 
Er 12.15 12.26 12.10 10.95 
Tm 2.09 2.09 2.09 1.87 
Yb 13.82 13.72 13.85 12.43 
Lu 2.03 2.00 2.03 1.84 
Table A1.8 – ICP-MS REE results (ppm) for Moomba 1. UQ analyses. 
 Moomba 
1 
Moomba 
1 
Moomba 
1 
Moomba 
1 
Moomba 
1 
Moomba 
1 
Moomba 
1 
Moomba 
1  
 2847.75 2848.7 2851.0 2851.9 2853.6 2855.8 2857.4 2895.2 
Y 93.1 114.5 94.4 78.4 123.0 95.7 110.3 44.5 
La 114.38 130.84 171.18 160.83 262.29 106.82 135.12 74.93 
Ce 156.8 151.8 211.7 157.2 238.9 149.1 199.1 140.6 
Pr 21.99 25.79 34.22 32.81 47.36 21.35 26.03 15.27 
Nd 70.3 83.1 112.5 106.4 150.1 68.8 83.5 48.7 
Sm 13.34 15.51 20.37 20.22 27.00 13.89 16.19 8.64 
Eu 0.60 0.73 0.87 0.87 1.18 0.59 0.74 0.45 
Gd 13.69 15.89 18.22 17.60 23.88 13.96 16.49 7.21 
Tb 2.51 2.92 2.84 2.55 2.69 2.57 2.99 1.20 
Dy 16.37 19.13 16.94 14.42 21.92 16.50 19.13 7.33 
Ho 3.44 4.07 3.46 2.91 4.55 3.48 4.04 1.53 
Er 10.06 11.99 9.98 8.75 13.67 10.31 11.91 4.58 
Tm 1.61 1.90 1.54 1.46 2.25 1.65 1.90 0.73 
Yb 10.26 12.08 9.78 9.98 14.76 10.60 12.34 4.70 
Lu 1.49 1.75 1.42 1.51 2.19 1.56 1.79 0.69 
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A1.3  ICP-MS and ICP-OES analyses at AcmeLabs 
Analyses at the AcmeLabs facility, Vancouver, Canada, were conducted using the 4AB1 procedure 
as part of Job Number VAN13000948, received March 20 2013 and completed April 16 2013. This 
procedure is a combination of five analyses: 4AO2, 4BO2, 2A12, 1DX1 (partial – only 14 of 36 
elements reported), and LOI. Code 1DX1 refers to Aqua Regia digestion of sample in preparation 
for ICP-MS, with sample splits of 0.5g for 14 elements: Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi, Ag, 
Au, Hg, Tl and Se. The prepared sample is digested with a modified Aqua Regia solution of equal 
parts concentrated HCl, HNO3 and DI H2O for one hour in a 95ºC hot water bath. The sample is 
made up to volume with dilute HCl, with sample splits of 0.5g analysed. Analyses belonging to the 
4A group measure whole rock major and minor elements. Prior to analyses the prepared sample is 
mixed with a lithium borate fusion (LiBO2/Li2B4O7 flux). Crucibles were fused in a furnace, with 
the cooled bead later dissolved in ACS grade nitric acid. LOI is determined by igniting a sample 
split and measuring the weight loss following sintering at 1000ºC. Following sample preparation 11 
major oxides and several minor elements were analysed by ICP-ES, with code 4AO2 specifically 
referring to the basic suite of analyses (21 parameters). A total of 5g of rock sample pulp is required 
for 4A group analyses. An internal reference material (SO-18) is used as a standard for ICP-ES 
analyses (measured standard values Table A1.11).  
 
Table A1.9 – ICP-MS 
REE results for Jolokia 
1. UQ analyses. 
 Jolokia  
1 
 4905 
Y 9.5 
La 2.35 
Ce 5.9 
Pr 0.75 
Nd 2.7 
Sm 0.89 
Eu 0.0024 
Gd 1.06 
Tb 0.23 
Dy 1.55 
Ho 0.33 
Er 0.99 
Tm 0.16 
Yb 0.98 
Lu 0.13 
Table A1.10 – ICP-MS REE results McLeod 1. UQ analyses.  
 
 
 McLeod 
1 
McLeod 
1 
McLeod 
1 
McLeod 
1 
McLeod 
1 
 3745.2 3745.9 3747.0 3748.3 3749.1 
Y 42.5 68.5 59.1 56.6 57.1 
La 22.09 25.24 26.34 26.39 25.88 
Ce 46.5 51.2 59.0 55.9 4.9.9 
Pr 5.69 6.51 6.14 6.22 6.37 
Nd 20.0 22.8 19.2 20.4 21.1 
Sm 5.67 6.05 4.28 4.87 5.06 
Eu 0.36 0.31 0.26 0.27 0.29 
Gd 6.09 6.78 5.76 5.78 5.89 
Tb 1.15 1.47 1.29 1.27 1.30 
Dy 7.37 10.61 9.17 9.00 9.20 
Ho 1.54 2.41 2.04 2.02 2.03 
Er 4.67 7.59 6.46 6.38 6.34 
Tm 0.75 1.24 1.09 1.06 1.05 
Yb 4.83 7.70 7.11 6.83 6.62 
Lu 0.68 1.09 1.02 0.98 0.91 
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Analyses from group 4B measure trace elements by ICP-MS, incorporating two separate ICP-MS 
analyses to optimise determination of a 45-element suite of trace elements. REE and refractory 
elements undergo the same lithium borate fusion procedure as samples in group 4A (requiring a 5g 
sample of rock pulp) to give total abundances; code 4BO2 refers to the basic suite of analyses (45 
elements). Internal reference material SO-18 is also used as the standard for ICP-MS analyses 
(measured standard values Table A1.12). Detection limits for both group 4A and 4B analyses are 
listed in Table A1.9. The code 2A12 refers to carbon and sulphur single element analyses, although 
these results are not reported as part of this thesis. 
 
A1.4  Analytical procedures 
Sample details for the BLS samples are provided in Table A1.14 and for the European samples in 
Table A1.15. Analytical techniques conducted for each sample are also detailed. 
Table A1.11 – Expected and measured values for AcmeLabs Internal Reference Material SO-18 
for whole rock, Group 4A analyses (AcmeLabs, 2009). 
Element Group 4A 
detection 
limit (%, 
unless 
otherwise 
stated) 
SO-18 
expected 
value (%, 
unless 
otherwise 
stated) 
SO-18 
upper limit 
(%, unless 
otherwise 
stated) 
SO-18 
lower limit 
(%, unless 
otherwise 
stated) 
Measured 
SO-18 (1) 
(%, unless 
otherwise 
stated) 
Measured 
SO-18 (2) 
(%, unless 
otherwise 
stated) 
SiO2 0.04 58.47 60.22 56.72 58.56 58.43 
Al2O3 0.03 14.23 14.66 13.80 13.94 14.09 
Fe2O3 0.04 7.67 7.90 7.44 7.51 7.52 
MgO 0.01 3.35 3.45 3.25 3.35 3.37 
Cao 0.01 6.42 6.61 6.23 6.29 6.32 
Na2O 0.01 3.71 3.82 3.60 3.63 3.55 
K2O 0.04 2.17 2.28 2.06 2.14 2.13 
TiO2 0.01 0.69 0.73 0.65 0.69 0.69 
P2O5 0.01 0.83 0.87 0.79 0.79 0.79 
MnO 0.01 0.39 0.42 0.36 0.39 0.4 
Cr2O3 0.001 0.550 0.567 0.534 0.541 0.548 
Ni 30 (ppm) 44 (ppm) 52 (ppm) 20 (ppm) 44 (ppm) 46 (ppm) 
Sc 1 (ppm) 25 (ppm) 28 (ppm) 20 (ppm) 24 (ppm) 24 (ppm) 
LOI 0.1 1.9 2.1 1.7 1.9 1.9 
Sum     99.74 99.73 
Upper and lower limits represent 3SD limits. Any one element in a run reporting outside the 
upper and lower limit does not constitute failure of the standard.  
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Table A1.12 – Expected and measured values for AcmeLabs Internal Reference Material SO-18 
for whole rock, Group 4B analyses (AcmeLabs, 2009). 
Element Group 4B 
detection 
limit (ppm) 
SO-18 
official 
value (ppm) 
SO-18 
upper limit 
(ppm) 
SO-18 
lower limit 
(ppm) 
Measured 
SO-18 (1) 
(ppm) 
Measured 
SO-18 (2) 
(ppm) 
Ba 0.5 514.0 565.4 462.6 519 524 
Be 1 1.0 3.0 <1 <1 <1 
Co 0.5 26.2 28.8 23.6 26.7 26.4 
Cs 0.1 7.1 7.9 6.3 6.6 6.8 
Ga 0.5 17.6 19.4 15.8 17.5 17.5 
Hf 0.5 9.8 10.8 8.8 9.4 9.6 
Nb 0.5 20.9 23.0 18.8 19.5 20.3 
Rb 0.5 28.7 31.6 25.8 29.2 29.1 
Sn 1 15 20.0 12.0 15 16 
Sr 0.5 407.4 448.1 366.7 386.6 381.7 
Ta 0.1 7.4 8.1 6.7 6.9 7.1 
Th 0.1 9.9 10.9 8.9 9.4 9.4 
U 0.1 16.4 18.0 14.8 15.5 14.9 
V 5 200 220 180 201 199 
W 0.1 15.1 17.4 12.8 13.6 14.4 
Zr 0.5 280.0 308.0 252.0 292.5 287 
Y 0.5 33.0 36.3 29.7 29.6 29.8 
La 0.5 12.3 14.1 10.5 12.4 12.1 
Ce 0.5 27.1 29.8 24.4 26.6 26.3 
Pr 0.02 3.45 3.8 3.1 3.27 3.21 
Nd 0.4 14.0 15.4 12.6 12.7 12.7 
Sm 0.1 3.0 3.4 2.6 2.64 2.65 
Eu 0.05 0.89 0.98 0.80 0.81 0.83 
Gd 0.05 2.93 3.22 2.64 2.81 2.81 
Tb 0.01 0.53 0.58 0.48 0.47 0.46 
Dy 0.05 3.00 3.30 2.70 2.83 2.77 
Ho 0.05 0.62 0.68 0.56 0.62 0.61 
Er 0.05 1.84 2.02 1.66 1.74 1.75 
Tm 0.05 0.29 0.32 0.26 0.26 0.27 
Yb 0.05 1.79 1.97 1.61 1.72 1.69 
Lu 0.01 0.27 0.30 0.24 0.26 0.27 
Upper and lower limits represent 3SD limits. Any one element in a run reporting outside the 
upper and lower limit does not constitute failure of the standard. 
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Table A1.13 – Lower and upper detection limits for major and trace elements included in 4A 
-4B analyses, AcmeLab. 
 Group 4A 
detection (%, 
unless otherwise 
stated) 
Upper limit (%, 
unless otherwise 
stated) 
Group 4B 
detection (ppm, 
unless otherwise 
stated) 
Upper limit 
(ppm) 
SiO2 0.01 100   
Al2O3 0.01 100   
Fe2O3 0.04 100   
MgO 0.01 100   
Cao 0.01 100   
Na2O 0.01 100   
K2O 0.04 100   
TiO2 0.01 100   
P2O5 0.01 100   
MnO 0.01 100   
Cr2O3 0.002 100   
Ni 20 (ppm) 10000 (ppm)   
Sc 1 (ppm) 10000 (ppm)   
LOI 0.1 100   
Sum     
Ba   1 50000 
Be   1 10000 
Co   0.2 10000 
Cs   0.1 10000 
Ga   0.5 10000 
Hf   0.1 10000 
Nb   0.1 50000 
Rb   0.1 10000 
Sn   1 10000 
Sr   0.5 50000 
Ta   0.1 50000 
Th   0.2 10000 
U   0.1 10000 
V   8 10000 
W   0.5 10000 
Zr   0.1 50000 
Y   0.1 50000 
La   0.1 50000 
Ce   0.1 50000 
Pr   0.02 10000 
Nd   0.3 10000 
Sm   0.05 10000 
Eu   0.02 10000 
Gd   0.05 10000 
Tb   0.01 10000 
Dy   0.05 10000 
Ho   0.02 10000 
Er   0.03 10000 
Tm   0.01 10000 
Yb   0.05 10000 
Lu   0.01 10000 
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Table A1.14 – Sample information and analytical techniques utilised on the BLS granites.  
   Thin section 
petrography* CL-SEM 
Zircon LA-
ICP-MS ICP-ES ICP-OES ICP-MS 
 Sample depth 
(m) 
Drill hole 
coordinates 
      
Big Lake 1 3056.5 
Easting: 
434605.248 
Northing: 
6879560.39 
✓ (1)    ✓ ✓ 
 3056.6    ✓   
 3057.0 ✓ (2)     ✓ 
 3057.2 ✓ (3) ✓ ✓    
 3057.3  ✓ ✓ ✓ ✓ ✓ 
 3057.7      ✓ 
Moomba 1 2847.75 
428233.126 
6885820.312 
✓ (1)   ✓ ✓ ✓ 
 2848.7 ✓ (2)     ✓ 
 2851.0 ✓ (3)     ✓ 
 2851.9      ✓ 
 2853.6 ✓ (4)     ✓ 
 2855.8 ✓ (5)   ✓ ✓ ✓ 
 2857.4 ✓ (6)     ✓ 
 2895.2 ✓ (7) ✓ ✓ ✓ ✓ ✓ 
Habanero 1 3911 475813.121 
6923173.368 
 
 ✓ ✓ ✓   
Habanero 2 4039 475512.914 
6922780.805 ✓ (1)   ✓   
Jolokia 1 4905–4908 466652.108 
6924788.999 ✓ (1) ✓ ✓ ✓ ✓ ✓ 
McLeod 1 3745.2 
476235.794 
6923291.705 
✓ (1)     ✓ 
 3745.9 ✓ (2)     ✓ 
 3747.0 ✓ (3)     ✓ 
 3748.3 ✓ (4) ✓ ✓    
 3749.1      ✓ 
*Bracketed numbers relate to labelling system. Thin sections numbered with single digits corresponding to sample depth. Drill hole coordinates 
given in GDA eastings and northings, SARIG database. 
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Table A1.15 – Sample information and analytical techniques utilised on samples from the European analogues. 
   Thin section petrography CL-SEM 
Zircon LA-
ICP-MS ICP-ES ICP-OES ICP-MS 
 Sample depth 
(m) 
Drill hole/ 
sample 
coordinates 
      
Cornwall, UK 
CBM1 
(Carnmenellis 
pluton) 
142.38 
(elevation), 
original depth 
unknown 
Easting: 
175737.99 
Northing: 
34418.18  
✓ ✓ ✓  ✓ ✓ 
RQ1 
(Carnmenellis 
pluton) 
173 m 
(elevation) 
original depth 
in core 
unknown 
WP674 N50° 
10.117' W005° 
10.332' 
✓ ✓ ✓  ✓ ✓ 
LC1 
(Land’s End 
pluton) 
10 m 
(elevation) 
WP672 N50° 
03.747' W005° 
33.724' 
✓ ✓ ✓  ✓ ✓ 
Soultz-sous-
Forêts, 
France 
K102 
1608.1 
Exploration 
Puits Soultz 
(EPS-1) well 
 ✓ ✓ ✓  ✓ ✓ 
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Appendix 2 – 
Zircon LA-ICP-MS chronochemistry data 
 
2.1 Zircon mount scans 
2.2 Location of analytical spot numbers in zircon mounts 
2.3 CL and microscope images for all analysed zircon grains 
2.4 NIST SRM 610 reference values for LA-ICP-MS trace element data 
reduction 
2.5 Zircon LA-ICP-MS geochronology and trace element result tables 
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Appendix 2.1 – 
Zircon mounts: location of samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 195 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 196 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 197 
Appendix 2.2 – 
Location of analytical spots in zircon mounts 
 198 
Big Lake 
 
 
 
 
 
Mount 3, 2010 
Mount 5, 2012 
 199 
Moomba 
Mount 1, 2010 
 200 
Moomba cont. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Mount 1, 2012 
Mount 5, 2012 
 201 
Habanero 
 
 
Mount 5, 2012 
Mount 4, 2010 
 202 
Jolokia, BLS  
 
 
 
 
 
 
 
 
 
 
 
 
 
McLeod, BLS 
 
 
Mount 3, 2010 
Mount 3, 2010 
Mount 5, 2012 
 203 
CBM1  
 
 
 
 
 
 
 
Mount 2, 2010 
 204 
CBM1 cont.  
 
 
 
Mount 2, 2012 
Mount 4, 2012 
 205 
RQ1 
 
 
 
Mount 2, 2010 
Mount 2, 2012 
 206 
RQ1 cont. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
LC1, Land’s End, Cornwall 
Mount 4, 2012 
Grain 65 unknown 
 
Mount 2, 2010 
 207 
LC1 cont.  
Mount 2, 2012 
Mount 4, 2012 
 208 
K102 
 
 Mount 1, 2010 
 209 
K102 cont. 
 
 Mount 4, 2012 
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Appendix 2.3: 
NIST SRM 610 reference values used for 
LA-ICP-MS trace element data reduction 
 211 
 
 
 
 
Table A2.1 – Values of NIST 610 standard used for zircon trace 
element data reduction based on Jochum et al. (2011). 
Element Values (ppm) Uncertainty (ppm) 
Ag 251 9 
Al 10320 212 
As 325 37 
Au 33.6 7.1 
B 350 56 
Ba 452 9 
Be 476 31 
Bi 384 26 
Ca 81476 1429 
Cd 270 63 
Ce 453 8 
Cl 274 67 
Co 410 24 
Cr 408 10 
Cs 366 9 
Cu 441 15 
Dy 437 11 
Er 455 14 
Eu 447 12 
F 304 - 
Fe 458 9 
Ga 433 13 
Gd 449 12 
Ge 447 78 
Hf 435 12 
Ho 449 12 
In 434 19 
K 464 21 
La 440 10 
Li 468 24 
Lu 439 8 
Mg 432 29 
Mn 444 13 
Mo 417 56 
Na 99409 2226 
Nb 465 34 
Nd 430 8 
Ni 458.7 184 
P 413 46 
Pb 426 1 
Pd 1.21 2/7 
Pr 448 7 
Pt 3.12 5.5 
Rb 425.7 1 
Re 49.9 11 
 212 
 Rh 1.29 0.87 
S 575 307 
Sb 396 22 
Sc 455 10 
Se 138 91 
Si 325806 2337 
Sm 453 11 
Sn 430 69 
Sr 515.5 1 
Ta 446 33 
Tb 437 9 
Th 457.2 1 
Ti 452 10 
Tl 59.6 2.8 
Tm 435 10 
U 461.5 1 
V 450 9 
W 444 29 
Y 462 11 
Yb 450 9 
Zn 460 79 
Zr 448 9 
11B/10B 4.049  
143Nd/144Nd 0.511927  
206Pb/204Pb 17.045 0.016 
207Pb/204Pb 15.504 0.018 
207Pb/206Pb 0.9096 0.0006 
208Pb/204Pb 36.964 0.044 
208Pb/206Pb 2.168 0.002 
87Sr/86Sr 0.709699  
d7Li 32.5 0.02 
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Appendix 2.4 - 
Zircon LA-ICP-MS geochronology and trace 
element result tables 
 
Comments: 
C Concordant 
D Discordant 
I Inclusion(s) 
Ex Excluded from age and trace element result (e.g., laser analysis targeted the mount 
or concurrently analysed two grains) 
± (int) Internal error 
± (prop) Propagated error 
 
 
Abbreviations for location of analysis within grain: 
B Boundary. Laser analysis crosses distinct CL zones within grain and therefore 
analysis is not truly representative of either zone.  
C Core. Laser analysis is located in the core of the grain. Distinctions are not made 
with inherited cores. 
(M) Mount. Laser analysis is partly located in mount.  
NZ Not zircon. Grain analysed does not have the composition of a zircon. 
R Rim. Laser analysis is located in the rim of the grain.  
U-BG Unknown, broken grain. Grain is broken so location within grain is indeterminable. 
UC Unknown core. Ablation hole visible and in the apparent core of the grain, but 
grain is broken so it may not be the true core of the grain. 
UG Unknown grain. Grain corresponding to analysis is unknown.  
U-GM Unknown, grain missing. Grain is no longer present in mount so location of laser 
analysis within grain is unknown. 
UM Unknown, metamict. Grain is metamict so location within grain (identified using 
CL-SEM images) is indeterminable. 
US Unknown spot. Laser ablation site within grain is not visible.  
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
BL-M5-2012-1 R D, I 40.2 4937.0 2129.0 441700 12940 1587.0 62.5 9090 29.5 174.5 87.5 8.5 858.0 460.7 0.0218 0.0002 0.0008 0.242 0.004 0.008 0.0811 0.0013 0.0035 0.0210 0.1412 3.94 133.7 4.7 134.2 6.8
BL-M5-2012-2 B D, I 431.6 468.7 462.9 451 443 422.4 457.6 470 447.2 457.6 434.5 453.1 443.0 442.8 0.2291 0.0025 0.0081 28.450 0.360 0.950 0.9089 0.0046 0.0370 – – – 42.0 – 33.0
BL-M5-2012-3 B C 2.2 97.7 58.4 470500 9550 168.3 5.95 1052 bdl 3.8 1.5 0.7 91.4 62.3 0.0653 0.0008 0.0023 0.489 0.023 0.027 0.0550 0.0027 0.0035 0.0654 0.4991 -0.05 408.2 14.0 411.1 18.0
BL-M5-2012-4 C C 10.8 520.0 280.6 464100 7536 106.5 3.79 974 bdl 3.5 2.0 1.4 75.9 86.5 0.0671 0.0004 0.0023 0.514 0.011 0.019 0.0565 0.0011 0.0026 0.0670 0.5152 0.09 418.3 14.0 421.9 13.0
BL-M5-2012-5R R D 33.1 2982.0 1405.0 475400 11973 380.5 20.9 2189 0.7 33.8 4.2 0.7 183.5 127.5 0.0365 0.0002 0.0012 0.307 0.004 0.010 0.0617 0.0008 0.0026 0.0362 0.2740 0.83 229.4 7.8 245.9 7.9
BL-M5-2012-5C C D 19.3 2124.0 977.0 411400 11950 568.0 40.6 2004 5.0 41.0 19.1 5.6 228.0 127.6 0.0331 0.0007 0.0013 0.299 0.009 0.013 0.0662 0.0013 0.0030 0.0331 0.2975 0.12 209.7 8.2 264.4 9.9
BL-M5-2012-6 U-BG C 9.5 852.0 332.0 468400 10687 359.0 8.4 1288 0.8 18.4 4.3 0.9 124.5 87.0 0.0397 0.0006 0.0014 0.314 0.009 0.013 0.0591 0.0019 0.0031 0.0391 0.2596 1.33 247.4 9.0 234.3 10.0
BL-M5-2012-7 C C 23.5 1623.0 859.0 455200 10589 759.0 10.2 2361 1.4 40.6 13.0 4.5 260.4 104.9 0.0407 0.0005 0.0015 0.321 0.007 0.012 0.0581 0.0012 0.0026 0.0402 0.2704 1.14 254.4 9.0 243.0 9.2
BL-M5-2012-8 B C 27.6 1891.0 1115.0 469400 10890 888.0 7.4 2871 1.2 32.7 10.8 2.7 336.6 110.6 0.0453 0.0004 0.0016 0.336 0.006 0.012 0.0539 0.0009 0.0024 0.0455 0.3635 -0.49 286.9 9.6 314.8 8.8
BL-M5-2012-9 C D, I 18.6 1670.0 950.0 386700 10060 991.0 96 2940 2.5 37.2 20.4 6.4 379.0 149.0 0.0319 0.0021 0.0023 0.266 0.015 0.017 0.0614 0.0032 0.0041 0.0319 0.2644 0.15 202.1 15.0 238.2 14.0
BL-M5-2012-10 R (M) Ex 10.1 460.0 410.0 453300 10241 696.0 4.49 2063 0.2 18.1 3.4 0.5 185.3 78.4 0.0472 0.0005 0.0017 0.349 0.011 0.016 0.0535 0.0017 0.0028 0.0480 0.4394 -1.60 302.1 10.0 369.8 12.0
BL-M5-2012-11 R D, I 427.7 466.1 458.3 454 434 413.9 454.4 467 443.4 455.8 431.7 447.2 440.0 442.2 0.2324 0.0023 0.0081 29.160 0.350 0.970 0.9033 0.0041 0.0370 – – – 42.0 – 33.0
BL-M5-2012-12 C C 60.0 1665.0 1550.0 464400 11170 376.9 7.52 2011 0.4 25.2 4.8 2.2 152.7 161.2 0.0690 0.0005 0.0024 0.531 0.007 0.018 0.0551 0.0006 0.0023 0.0688 0.5053 0.22 429.1 14.0 415.3 11.0
BL-M5-2012-13 U-BG C 2.2 114.1 59.5 473100 6938 194.9 14.7 1394 bdl 3.3 3.3 1.5 127.7 82.1 0.0643 0.0007 0.0023 0.509 0.024 0.029 0.0566 0.0027 0.0035 0.0642 0.4977 0.05 401.3 14.0 410.1 19.0
BL-M5-2012-14 U-BG D, I 46.3 4750.0 1927.0 475500 12490 2830.0 50.4 9400 8.3 123.8 81.0 28.9 1170.0 363.0 0.0259 0.0002 0.0009 0.312 0.008 0.012 0.0857 0.0025 0.0043 0.0248 0.1703 4.38 157.6 5.6 159.7 9.7
BL-M5-2012-15 C C 13.2 1099.0 728.0 446300 10631 1555.0 10.3 4220 0.3 16.8 7.9 1.3 551.0 109.7 0.0414 0.0004 0.0014 0.306 0.008 0.012 0.0537 0.0013 0.0025 0.0427 0.4625 -3.13 269.5 9.0 386.0 9.6
BL-M5-2012-16 R C 25.8 1209.0 1022.0 466100 9329 401.0 8.3 1762 0.2 28.9 4.8 0.5 177.6 102.0 0.0444 0.0004 0.0015 0.342 0.009 0.014 0.0555 0.0014 0.0026 0.0444 0.3475 -0.15 280.2 9.5 302.8 10.0
BL-M5-2012-17 C C 55.0 2372.0 1565.0 441300 9970 418.0 12.7 3030 2.2 44.0 15.4 1.5 299.0 156.9 0.0406 0.0005 0.0015 0.506 0.017 0.023 0.0905 0.0032 0.0049 0.0385 0.2602 5.04 243.7 9.0 234.8 15.0
BL-M5-2012-18C C C 12.9 809.0 438.0 466700 10526 225.7 4.83 1140 bdl 17.7 1.0 0.1 98.0 60.7 0.0509 0.0004 0.0018 0.376 0.008 0.014 0.0532 0.0012 0.0025 0.0507 0.3517 0.35 318.9 11.0 306.0 11.0
BL-M5-2012-18B B C 19.2 1479.0 701.0 465000 10930 285.0 6.18 1705 bdl 22.1 2.1 0.1 148.2 97.2 0.0480 0.0003 0.0016 0.353 0.007 0.013 0.0530 0.0012 0.0024 0.0480 0.3522 -0.02 302.4 10.0 306.3 10.0
BL-M5-2012-19 C C 12.6 1115.9 555.0 440500 10504 1049.0 9.1 2077 1.8 12.0 6.7 2.5 203.5 123.7 0.0424 0.0004 0.0015 0.307 0.006 0.011 0.0523 0.0012 0.0024 0.0427 0.3431 -0.74 269.3 9.1 299.5 9.1
BL-M5-2012-20 B D, I 424.9 462.9 455.8 451 434 417.1 453.8 460 440.1 453.9 431.2 448.3 437.0 437.8 0.2315 0.0025 0.0082 29.000 0.330 0.950 0.9019 0.0057 0.0370 – – – 43.0 – 33.0
BL-M5-2012-21 U-BG C 12.7 321.3 327.6 461500 7558 643.3 10.2 5714 bdl 15.3 9.7 5.1 564.5 229.3 0.0667 0.0007 0.0023 0.499 0.015 0.022 0.0538 0.0016 0.0027 0.0665 0.4752 0.24 415.0 14.0 394.8 15.0
BL-M5-2012-22 C C 1.3 184.3 34.1 474500 6970 228.9 11.6 748 bdl 3.0 1.0 0.5 51.3 76.8 0.0667 0.0007 0.0023 0.518 0.018 0.024 0.0564 0.0019 0.0030 0.0667 0.5166 0.03 416.3 14.0 422.9 16.0
BL-M5-2012-23C C D, I 6.5 1164.0 336.0 466900 12740 3010.0 9.9 8020 0.3 7.6 17.8 4.0 1030.0 188.0 0.0448 0.0006 0.0016 0.330 0.009 0.014 0.0528 0.0015 0.0026 0.0452 0.3838 -1.07 285.2 10.0 329.9 11.0
BL-M5-2012-23R R C 20.0 2095.0 876.0 466500 12116 412.0 7.63 1898 0.3 20.3 4.4 0.4 187.5 106.9 0.0446 0.0004 0.0015 0.338 0.005 0.012 0.0545 0.0007 0.0023 0.0449 0.3713 -0.68 283.0 9.5 320.6 8.7
BL-M5-2012-24 U-C D, I 49.4 5150.0 1394.0 452000 18250 808.0 87.4 3221 20.0 238.3 129.3 1.7 395.5 288.7 0.0271 0.0003 0.0010 0.379 0.004 0.012 0.0991 0.0013 0.0042 0.0256 0.1882 5.62 163.0 6.1 175.1 9.2
BL-M5-2012-25 C D 12.8 450.3 336.8 425000 8950 457.0 6.95 1483 0.7 13.8 3.0 0.3 136.2 80.6 0.0710 0.0012 0.0027 1.133 0.038 0.052 0.1158 0.0029 0.0055 0.0716 1.2076 -0.85 445.8 16.0 804.1 25.0
BL-M5-2012-26 U-BG D 37.5 2237.0 1734.0 459800 10314 1672.0 8.04 6170 0.5 30.5 12.7 1.9 733.0 194.3 0.0376 0.0004 0.0013 0.315 0.005 0.011 0.0603 0.0014 0.0028 0.0376 0.3112 0.03 237.7 8.2 275.1 8.5
BL-M5-2012-27 U-C D 20.3 1682.0 906.0 436900 10770 457.0 11.1 1826 0.3 22.7 5.6 0.7 187.5 119.0 0.0412 0.0004 0.0014 0.321 0.006 0.011 0.0566 0.0012 0.0026 0.0415 0.3603 -0.78 262.4 8.8 312.5 8.7
BL-M5-2012-28 C C 10.5 721.0 528.0 457700 11105 1075.0 8.9 2005 bdl 7.9 4.7 3.5 213.0 106.6 0.0450 0.0005 0.0016 0.350 0.011 0.016 0.0561 0.0019 0.0030 0.0464 0.5140 -3.05 292.2 9.7 421.1 12.0
BL-M5-2012-29 U-C D, I 427.7 464.1 458.4 447 434 406.2 452.5 462 439.4 453.9 426.2 447.6 437.3 438.8 0.2325 0.0025 0.0082 29.460 0.370 0.980 0.9044 0.0048 0.0370 – – – 43.0 – 32.0
BL-M5-2012-30 R C 4.1 145.6 105.6 481800 8768 258.4 8.6 2182 bdl 5.2 3.7 1.6 196.0 111.6 0.0659 0.0007 0.0023 0.521 0.020 0.025 0.0570 0.0024 0.0033 0.0656 0.4869 0.38 409.7 14.0 402.8 17.0
BL-M5-2012-31 C C 0.6 69.2 17.2 483100 6823 200.2 13.2 544 bdl 2.0 1.2 0.5 44.9 46.4 0.0664 0.0013 0.0026 0.507 0.031 0.035 0.0552 0.0034 0.0041 0.0664 0.5102 -0.06 414.7 15.0 418.6 23.0
BL-M5-2012-32R R C 8.2 1708.0 270.2 471000 13550 230.3 2.33 1125 bdl 11.6 0.6 0.0 82.9 81.2 0.0487 0.0004 0.0017 0.362 0.006 0.013 0.0533 0.0008 0.0023 0.0486 0.3502 0.13 306.1 10.0 304.9 9.4
BL-M5-2012-32C C C 9.4 665.0 327.3 475100 10820 229.7 4.62 787 bdl 16.6 0.6 0.0 67.0 44.8 0.0492 0.0004 0.0017 0.358 0.009 0.014 0.0519 0.0014 0.0025 0.0491 0.3446 0.13 309.3 10.0 300.6 11.0
BL-M5-2012-33 R D, I 39.3 3107.0 2173.0 460200 11369 5054.0 49.1 15180 6.1 95.1 75.4 21.8 2074.0 369.2 0.0288 0.0003 0.0010 0.275 0.005 0.010 0.0680 0.0010 0.0029 0.0285 0.2296 1.18 181.1 6.3 209.9 7.7
BL-M5-2012-34C C D 21.6 2724.0 927.0 448400 12260 1270.0 14.3 4260 2.6 39.2 17.1 4.4 512.0 170.9 0.0350 0.0005 0.0013 0.305 0.004 0.010 0.0627 0.0009 0.0027 0.0347 0.2637 0.91 219.6 7.8 237.7 7.7
BL-M5-2012-34R R C 21.9 2183.0 831.0 461000 11460 335.2 13.8 1661 2.1 45.0 15.9 6.3 155.1 99.0 0.0397 0.0007 0.0015 0.321 0.005 0.011 0.0586 0.0008 0.0025 0.0393 0.2727 1.00 248.2 9.3 244.9 8.4
BL-M5-2012-35 B D 46.0 3660.0 3660.0 396700 10580 1320.0 62.7 4800 5.9 74.9 53.0 13.4 637.0 240.7 0.0249 0.0007 0.0011 0.232 0.005 0.009 0.0668 0.0014 0.0031 0.0259 0.3491 -4.00 165.1 6.7 304.0 7.5
BL-M5-2012-36R R C 22.0 1121.0 486.3 489900 11800 276.3 9.1 1196 0.6 19.5 3.5 0.5 113.3 73.6 0.0499 0.0010 0.0016 0.595 0.083 0.092 0.0809 0.0097 0.0100 0.0480 0.3247 3.84 302.1 10.0 285.5 55.0
BL-M5-2012-36B B C 28.7 1774.0 1163.0 459700 10590 371.0 7.7 2404 0.5 26.0 5.2 0.4 225.2 135.8 0.0442 0.0006 0.0012 0.330 0.006 0.022 0.0533 0.0010 0.0028 0.0444 0.3534 -0.54 280.1 7.7 307.3 17.0
BL-M5-2012-37 B C 29.3 2061.0 1147.0 457000 10700 401.0 7.2 1825 0.3 31.1 4.3 0.3 168.5 104.9 0.0415 0.0005 0.0012 0.327 0.007 0.022 0.0563 0.0013 0.0030 0.0414 0.3009 0.43 261.2 7.2 267.1 17.0
BL-M5-2012-38 R C 70.1 3776.0 805.0 459800 14370 257.1 22.7 2396 5.7 80.1 52.1 0.6 239.7 178.5 0.0415 0.0005 0.0011 0.381 0.009 0.026 0.0526 0.0013 0.0029 0.0516 0.3710 0.06 324.5 8.4 320.4 19.0
BL-M5-2012-39 R C 14.5 841.0 494.2 481000 10420 579.0 5.8 962 bdl 20.6 0.8 0.1 82.1 52.5 0.0517 0.0005 0.0014 0.347 0.008 0.023 0.0621 0.0014 0.0034 0.0388 0.2937 0.88 245.2 6.6 261.4 17.0
BL-M5-2012-40 R D, I 25.9 2338.0 1085.0 496000 11750 2800.0 13.1 2980 1.6 38.6 9.9 1.8 299.0 153.6 0.0391 0.0004 0.0011 0.299 0.005 0.020 0.0687 0.0013 0.0036 0.0304 0.2235 1.88 193.1 5.5 204.8 15.0
BL-M5-2012-41 B C 37.1 2917.0 1709.0 446700 10240 402.6 24.6 8760 4.0 60.2 41.2 10.1 1180.0 238.7 0.0310 0.0004 0.0009 0.323 0.005 0.021 0.0532 0.0008 0.0027 0.0431 0.3312 -0.32 271.9 7.2 290.5 16.0
BL-M5-2012-42C R D 24.6 1729.0 1035.0 455400 10310 1610.0 10.4 1789 0.2 25.4 3.7 0.3 174.6 106.7 0.0429 0.0002 0.0012 0.236 0.005 0.016 0.0692 0.0017 0.0038 0.0238 0.1957 1.18 151.4 4.1 181.5 13.0
BL-M5-2012-42R R D, I 33.5 4310.0 1513.0 464400 12070 494.0 60.9 4590 13.0 199.0 111.0 52.7 517.0 238.0 0.0249 0.0004 0.0011 0.407 0.009 0.027 0.0575 0.0012 0.0031 0.0498 0.3940 0.01 313.3 8.2 337.3 20.0
BL-M5-2012-43 R D, I 21.1 4134.0 1195.0 450200 14390 437.0 125 6630 19.3 190.0 125.1 48.8 926.0 272.0 0.0241 0.0005 0.0007 0.312 0.005 0.021 0.0557 0.0008 0.0028 0.0393 0.2867 0.33 248.2 6.8 255.9 16.0
BL-M5-2012-44 R C 59.7 1838.0 2200.0 493000 9800 409.0 8.9 2983 0.2 66.0 5.3 0.3 281.1 134.1 0.0498 0.0013 0.0013 0.575 0.015 0.039 0.0673 0.0021 0.0039 0.0593 0.4123 2.03 371.2 12.0 350.5 25.0
BL-M5-2012-45 C C 44.6 3584.0 1881.0 444000 10520 766.0 7.3 2358 bdl 35.0 2.5 0.1 198.2 127.6 0.0394 0.0003 0.0011 0.272 0.005 0.018 0.0794 0.0011 0.0040 0.0234 0.1601 3.64 149.1 4.2 150.8 14.0
BL-M5-2012-46 R C 40.6 1519.0 1014.0 450000 9840 249.5 9.4 1569 2.7 39.1 8.1 0.1 141.3 80.9 0.0605 0.0006 0.0020 0.368 0.008 0.025 0.0533 0.0012 0.0029 0.0486 0.3285 0.51 305.6 8.3 288.4 19.0
BL-M5-2012-47 B C 51.7 4976.0 2583.0 443800 10580 251.5 50.4 4580 8.6 159.9 87.5 41.2 517.0 239.8 0.0243 0.0005 0.0007 0.375 0.009 0.025 0.0561 0.0014 0.0031 0.0464 0.3313 0.52 292.4 7.9 290.6 19.0
BL-M5-2012-48 B C 14.1 970.0 473.0 462100 10280 335.0 4.46 1185 0.2 16.1 2.2 0.1 104.7 68.2 0.0488 0.0008 0.0014 0.356 0.008 0.024 0.0561 0.0014 0.0031 0.0448 0.3222 0.48 282.8 8.5 283.6 17.0
BL-M5-2012-49R R C 10.7 748.0 374.3 462100 10380 223.1 6.7 894 bdl 16.6 1.3 0.1 81.6 56.3 0.0467 0.0007 0.0013 0.406 0.009 0.027 0.0567 0.0011 0.0030 0.0503 0.3395 0.94 316.6 9.1 296.8 20.0
BL-M5-2012-49C C C 23.7 1422.0 844.0 452600 10680 372.0 10.4 2000 0.3 26.3 5.0 0.6 195.0 109.3 0.0451 0.0006 0.0014 0.364 0.008 0.024 0.0692 0.0013 0.0036 0.0360 0.2733 1.74 228.3 6.8 245.4 18.0
BL-M5-2012-50 B D 8.5 734.0 245.0 461300 10920 557.0 5.38 693 bdl 12.2 1.0 0.2 59.6 43.9 0.0508 0.0003 0.0015 0.483 0.005 0.031 0.0821 0.0008 0.0041 0.0379 0.0289 8.82 239.6 6.8 28.9 21.0
BL-M5-2012-51 R C 18.6 1500.0 719.0 489300 11690 660.0 12.7 1963 1.9 38.4 16.0 4.8 194.0 110.2 0.0367 0.0009 0.0011 0.262 0.005 0.017 0.0741 0.0020 0.0041 0.0241 0.1620 3.11 153.8 6.9 152.4 14.0
BL-M3-2010-1 B C 10.1 976.0 418.0 465500 11620 295.0 38 1050 0.2 14.5 0.4 110.0 66.7 0.0430 0.0014 0.0019 0.332 0.015 0.027 0.0556 0.0016 0.0034 0.0431 0.3442 -0.28 272.1 12.0 300.3 21.0
BL-M3-2010-2 B D, I 70.7 10010.0 5060.0 456300 14650 2543.0 172.6 13300 26.3 368.2 107.1 1677.0 735.0 0.0167 0.0002 0.0005 0.207 0.002 0.014 0.0880 0.0008 0.0049 0.0161 0.1273 3.80 102.9 3.2 121.6 12.0
BL-M3-2010-3R R C 21.4 2125.0 869.0 470300 11680 439.0 25.6 2188 1.3 29.9 1.4 214.7 133.0 0.0357 0.0006 0.0012 0.319 0.012 0.025 0.0670 0.0027 0.0046 0.0351 0.2636 1.54 222.5 7.3 237.6 19.0
BL-M3-2010-3U/C U-C D, I 54.7 6890.0 2590.0 436900 12890 1650.0 99 9730 16.8 230.0 50.7 1052.0 431.0 0.0213 0.0005 0.0008 0.249 0.011 0.021 0.0825 0.0015 0.0047 0.0204 0.1346 4.24 130.3 5.1 128.2 17.0
BL-M3-2010-4 C D, I 66.3 8230.0 3610.0 424800 11860 15520.0 97.4 42200 26.9 263.0 87.1 5380.0 977.0 0.0206 0.0002 0.0006 0.244 0.004 0.017 0.0826 0.0013 0.0047 0.0199 0.1478 3.53 126.8 4.0 140.0 14.0
BL-M3-2010-5 U-M D, I 81.5 5460.0 7960.0 460000 17340 31400.0 29.2 82500 5.9 53.9 32.6 10680.0 1543.0 0.0257 0.0006 0.0009 0.207 0.008 0.016 0.0573 0.0010 0.0033 0.0279 0.4643 -8.48 177.5 5.8 387.3 14.0
BL-M3-2010-6 U-M D, I 55.5 4300.0 6900.0 246000 11440 4670.0 49.6 12700 8.0 64.4 18.0 1680.0 368.0 0.0220 0.0007 0.0010 0.212 0.011 0.018 0.0683 0.0015 0.0040 0.0240 0.4462 -9.14 152.6 6.0 374.6 15.0
BL-M3-2010-7 U-C D, I 80.6 14030.0 3340.0 472400 16410 1880.0 175.3 13190 33.4 728.6 264.5 1558.0 659.0 0.0140 0.0002 0.0005 0.215 0.004 0.015 0.1129 0.0019 0.0064 0.0128 0.0851 7.96 82.2 2.9 82.9 13.0
BL-M3-2010-8 U-C C 20.3 1137.0 699.0 483800 10600 299.3 6.24 1274 bdl 24.1 0.1 106.9 69.1 0.0506 0.0004 0.0015 0.372 0.009 0.027 0.0523 0.0011 0.0030 0.0506 0.3664 -0.03 318.1 9.1 317.0 20.0
BL-M3-2010-9 U-M D, I 27.9 4182.0 1337.0 436500 16330 4280.0 58.6 9090 11.7 95.7 21.3 1138.0 497.0 0.0292 0.0006 0.0010 0.288 0.009 0.022 0.0669 0.0016 0.0040 0.0290 0.2387 0.88 184.1 6.4 217.3 17.0
BL-M3-2010-10 C D, I 40.2 5900.0 2260.0 520100 14740 2020.0 62.1 8800 9.6 120.4 18.6 1012.0 357.0 0.0229 0.0005 0.0008 0.223 0.006 0.016 0.0750 0.0013 0.0043 0.0223 0.1671 2.54 142.1 5.1 156.9 14.0
BL-M3-2010-11 U-M D, I 60.0 3590.0 2930.0 333000 13790 98200.0 27.4 280000 14.0 141.4 44.9 33300.0 3860.0 0.0368 0.0004 0.0011 0.324 0.011 0.025 0.0666 0.0021 0.0042 0.0370 0.3609 -0.52 234.2 7.0 312.9 19.0
BL-M3-2010-12 U-BG D, I 15.9 2550.0 1145.0 391300 11020 2020.0 40.9 5800 115.0 310.0 12.6 690.0 268.0 0.0263 0.0006 0.0010 0.226 0.005 0.016 0.0639 0.0016 0.0038 0.0264 0.2529 -0.69 168.2 6.2 229.0 14.0
BL-M3-2010-13 U-M D, I 30.2 6990.0 1302.0 466800 19680 1040.0 83.1 3838 23.4 186.2 61.8 598.0 453.1 0.0249 0.0003 0.0008 0.236 0.006 0.017 0.0723 0.0011 0.0041 0.0245 0.1901 1.96 155.7 4.9 176.8 14.0
BL-M3-2010-14 C D, I 209.0 11700.0 28100.0 407600 20470 6730.0 82.7 17300 10.6 86.4 19.9 2290.0 443.0 0.0163 0.0009 0.0010 0.172 0.020 0.023 0.0680 0.0045 0.0058 0.0186 0.4265 -14.11 118.7 6.7 360.7 20.0
BL-M3-2010-15 U-M D, I 32.4 5726.0 1815.0 457800 20850 2354.0 104.6 6420 154.0 326.0 45.6 940.0 469.1 0.0251 0.0003 0.0008 0.242 0.007 0.018 0.0729 0.0009 0.0041 0.0248 0.2109 1.39 157.8 4.8 194.3 15.0
BL-M3-2010-16 R C 11.8 1024.0 412.0 498700 11480 229.3 4.42 959 0.2 16.6 0.0 75.7 57.5 0.0522 0.0006 0.0016 0.359 0.011 0.027 0.0530 0.0015 0.0032 0.0523 0.3951 -0.21 328.8 9.9 338.1 20.0
BL-M3-2010-17 U-C D, I 45.2 7610.0 2750.0 429400 9990 4850.0 98.9 13470 27.2 230.3 74.9 1630.0 672.0 0.0231 0.0006 0.0009 0.228 0.010 0.019 0.0751 0.0015 0.0043 0.0227 0.1944 1.62 144.7 5.5 180.3 16.0
BL-M3-2010-18 U-M D, I 53.1 4170.0 2740.0 488600 14540 34300.0 55.5 98800 14.2 137.4 35.9 11800.0 1510.0 0.0303 0.0006 0.0010 0.270 0.007 0.020 0.0673 0.0011 0.0038 0.0300 0.2429 1.05 190.3 6.4 220.8 16.0
BL-M3-2010-19 U-M D, I 39.1 4107.0 2024.0 451200 22530 7930.0 70.7 24300 7.6 72.1 18.7 3090.0 609.0 0.0287 0.0004 0.0009 0.300 0.008 0.022 0.0782 0.0013 0.0044 0.0283 0.2606 1.42 179.9 5.5 235.1 17.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
BL-M3-2010-20 U-M D, I 289.0 15400.0 43200.0 430400 18400 18400.0 108.6 50000 23.6 187.4 65.4 7050.0 1036.0 0.0133 0.0004 0.0006 0.131 0.005 0.011 0.0611 0.0011 0.0035 0.0158 0.4120 -19.05 101.0 3.6 350.3 9.4
BL-M3-2010-21 B D, I 31.7 5104.0 1452.0 448600 12750 1919.0 64.8 5360 11.0 89.2 14.9 686.0 504.1 0.0286 0.0003 0.0009 0.291 0.012 0.023 0.0706 0.0027 0.0047 0.0282 0.2357 1.24 179.4 5.5 214.9 18.0
BL-M3-2010-22 C C 14.7 1088.0 505.0 503400 11410 266.1 6.14 1036 bdl 18.7 0.0 85.7 60.7 0.0493 0.0005 0.0015 0.364 0.011 0.027 0.0532 0.0014 0.0032 0.0492 0.3421 0.33 309.3 9.1 298.7 20.0
BL-M3-2010-23C C D, I 104.0 8900.0 16100.0 366000 11210 11100.0 84.7 28000 201.0 586.0 35.2 3390.0 694.0 0.0184 0.0005 0.0007 0.177 0.007 0.014 0.0698 0.0018 0.0042 0.0211 0.4985 -14.70 134.4 4.5 410.7 12.0
BL-M3-2010-23R R D, I 59.4 7730.0 4630.0 482300 12600 2000.0 113.7 10780 12.6 211.1 50.9 1317.0 566.0 0.0192 0.0003 0.0006 0.195 0.005 0.014 0.0739 0.0014 0.0042 0.0188 0.1552 1.75 120.3 4.1 146.5 12.0
BL-M3-2010-24 C C 20.8 2108.0 776.0 479000 12120 406.0 13.3 1719 2.2 34.2 3.2 173.1 114.5 0.0388 0.0009 0.0014 0.362 0.014 0.028 0.0686 0.0017 0.0041 0.0382 0.3011 1.41 241.8 8.6 267.2 21.0
BL-M3-2010-25 B D, I 38.5 2430.0 2440.0 501400 9580 3470.0 45 5230 25.9 108.6 3.4 642.0 247.0 0.0236 0.0005 0.0009 0.246 0.009 0.019 0.0644 0.0017 0.0039 0.0234 0.1918 0.62 149.1 5.4 178.1 15.0
BL-M3-2010-26 B C 18.6 1184.0 647.0 529700 11880 1130.0 9.47 2990 3.1 30.3 2.4 339.0 113.5 0.0425 0.0007 0.0014 0.386 0.009 0.028 0.0663 0.0017 0.0040 0.0417 0.2967 1.79 263.7 8.6 263.8 21.0
BL-M3-2010-27 B D 16.1 1055.0 583.0 513700 11370 272.2 11.5 1140 bdl 21.8 0.1 96.9 65.4 0.0469 0.0006 0.0015 0.353 0.010 0.026 0.0545 0.0015 0.0033 0.0467 0.3375 0.26 294.5 9.0 295.2 20.0
BL-M3-2010-28 C D, I 36.8 4860.0 1900.0 515500 15550 5120.0 39.1 15520 9.4 86.8 26.9 1976.0 439.0 0.0276 0.0006 0.0010 0.263 0.004 0.019 0.0721 0.0018 0.0043 0.0271 0.2210 1.61 172.6 6.1 202.7 15.0
BL-M3-2010-29 U-C D, I 58.8 5380.0 6200.0 445000 12670 8150.0 56.2 19400 10.8 88.4 25.4 2520.0 765.0 0.0276 0.0007 0.0010 0.264 0.008 0.020 0.0663 0.0022 0.0042 0.0299 0.5284 -8.35 190.1 6.4 430.8 16.0
BL-M3-2010-30 C C 6.4 873.0 345.9 519600 13630 699.0 6.36 860 0.1 10.2 0.2 88.6 61.8 0.0388 0.0003 0.0011 0.288 0.011 0.023 0.0540 0.0021 0.0036 0.0392 0.3356 -1.01 247.6 7.1 293.9 17.0
BL-M3-2010-31 C D, I 65.9 8700.0 3580.0 486900 14040 2233.0 108.7 11950 21.2 292.0 75.6 1396.0 561.0 0.0202 0.0009 0.0011 0.237 0.008 0.018 0.0898 0.0022 0.0054 0.0193 0.1474 4.26 123.5 6.9 139.6 15.0
BL-M3-2010-32 C D, I 72.5 11530.0 5530.0 468000 12640 2360.0 157.4 13030 17.6 360.0 113.9 1640.0 694.0 0.0143 0.0004 0.0005 0.182 0.007 0.014 0.0928 0.0014 0.0052 0.0136 0.0991 4.94 87.1 3.4 95.9 12.0
BL-M3-2010-33 B C 63.8 3803.0 3923.0 509500 10900 1127.0 45.7 5830 4.2 98.7 7.9 652.0 252.7 0.0247 0.0006 0.0009 0.271 0.009 0.021 0.0796 0.0013 0.0045 0.0240 0.1832 2.99 152.9 5.7 170.8 16.0
BL-M3-2010-34 B D, I 55.4 7000.0 5060.0 384800 22020 1261.0 108 4242 17.5 149.6 40.6 660.0 404.1 0.0228 0.0003 0.0007 0.228 0.005 0.017 0.0720 0.0015 0.0042 0.0231 0.2596 -1.21 147.2 4.6 234.4 14.0
BL-M3-2010-35 U-M D 44.3 4330.0 2820.0 468900 12640 1716.0 68.7 6910 6.3 90.2 11.4 807.0 330.1 0.0270 0.0004 0.0009 0.238 0.007 0.018 0.0650 0.0012 0.0037 0.0269 0.2299 0.36 170.8 5.5 210.2 15.0
BL-M3-2010-36 B D, I 69.3 7010.0 3580.0 480000 12120 9230.0 79.7 26900 18.2 184.6 61.6 3650.0 645.0 0.0246 0.0006 0.0009 0.263 0.006 0.019 0.0795 0.0017 0.0046 0.0238 0.1709 3.37 151.7 5.6 160.2 15.0
BL-M3-2010-37 C C 23.6 1300.0 828.5 522400 11420 409.0 5.89 1366 1.0 28.8 0.1 118.8 73.5 0.0501 0.0004 0.0015 0.352 0.009 0.026 0.0518 0.0011 0.0030 0.0501 0.3544 0.06 315.1 8.9 308.0 19.0
BL-M3-2010-38 C D, I 146.4 15730.0 4445.0 464900 13550 2600.0 163.6 16010 16.2 397.5 128.2 1780.0 696.0 0.0165 0.0001 0.0005 0.302 0.005 0.021 0.1338 0.0016 0.0075 0.0147 0.0818 11.34 93.9 3.1 79.9 17.0
BL-M3-2010-39 NZ Ex 14.3 1136.0 680.0 510600 10390 1600.0 9.52 1573 600.0 740.0 0.5 162.0 101.6 0.0380 0.0009 0.0014 0.279 0.010 0.022 0.0537 0.0017 0.0034 0.0410 0.2645 0.88 259.1 8.3 238.3 17.0
BL-M3-2010-40 C D, I 12.0 1076.0 454.0 486000 11910 263.3 5.93 957 85.3 225.0 0.3 88.9 65.7 0.0433 0.0004 0.0013 0.328 0.012 0.026 0.0536 0.0020 0.0035 0.0217 0.1729 2.61 138.6 4.7 161.9 14.0
BL-M3-2010-41 B C 44.0 2588.0 1869.0 485100 10520 622.0 19.1 3380 2.0 55.3 4.7 350.0 181.7 0.0342 0.0005 0.0011 0.330 0.010 0.025 0.0707 0.0017 0.0042 0.0439 0.2826 2.50 276.8 10.0 252.7 24.0
BL-M3-2010-42 B D 23.0 846.0 800.0 474500 9270 313.0 4.33 3188 0.4 21.5 0.2 313.2 135.1 0.0483 0.0008 0.0016 0.359 0.018 0.031 0.0520 0.0027 0.0039 0.0261 0.3029 -1.51 166.0 7.8 268.7 20.0
BL-M3-2010-45 C D, I 145.1 12210.0 17300.0 421100 23870 2440.0 98.9 5880 20.7 171.1 47.4 946.0 427.5 0.0176 0.0007 0.0009 0.195 0.009 0.016 0.0824 0.0026 0.0052 0.0374 0.2781 1.41 236.9 7.7 249.2 20.0
BL-M3-2010-48 C C 12.2 760.0 483.0 512700 10980 317.0 10 1162 bdl 18.8 0.2 110.7 69.0 0.0419 0.0007 0.0014 0.304 0.010 0.023 0.0533 0.0017 0.0034 0.0502 0.3741 -0.13 315.5 9.1 322.7 20.0
BL-M3-2010-49 U-C C 38.8 1784.0 1547.0 519300 10210 781.0 10.3 4690 0.3 39.1 1.2 480.0 183.7 0.0414 0.0007 0.0013 0.305 0.007 0.022 0.0541 0.0011 0.0031 0.0500 0.3392 0.10 314.8 9.1 296.5 20.0
BL-M3-2010-50 C D, I 72.4 8060.0 4390.0 473700 12070 10570.0 78.3 30400 18.8 177.4 49.4 3610.0 770.0 0.0223 0.0004 0.0007 0.239 0.006 0.017 0.0788 0.0011 0.0044 0.0507 0.3635 0.34 318.6 9.8 314.8 26.0
BL-M3-2010-51 R C 13.2 777.0 386.0 500800 10790 328.0 9.6 1031 0.2 17.3 0.5 97.0 59.3 0.0450 0.0011 0.0017 0.407 0.015 0.032 0.0674 0.0024 0.0044 0.0497 0.3657 0.03 312.9 9.5 316.4 20.0
BL-M3-2010-52 U-M D, I 56.6 6180.0 4700.0 439100 21590 6130.0 79.4 17900 12.4 109.4 25.3 2160.0 637.0 0.0257 0.0010 0.0012 0.266 0.016 0.025 0.0724 0.0025 0.0046 0.0408 0.4961 -3.80 258.0 8.7 409.1 18.0
BL-M3-2010-53 U-C D 25.6 1650.0 1002.0 495100 11070 386.3 9.6 2160 0.5 26.6 0.9 199.0 126.5 0.0380 0.0006 0.0012 0.341 0.012 0.026 0.0654 0.0030 0.0047 0.0174 0.1371 2.13 111.5 3.7 130.5 12.0
BL-M3-2010-54 C D 22.4 1245.0 790.0 508700 11250 272.0 4.51 1831 bdl 23.0 0.1 155.2 96.5 0.0501 0.0004 0.0015 0.360 0.009 0.027 0.0530 0.0011 0.0031 0.0257 15.70 163.7 15.0 100.0
BL-M3-2010-55 U-C C 12.0 648.0 408.0 473800 9790 307.0 7.1 961 1.2 18.7 0.1 86.3 52.3 0.0501 0.0004 0.0015 0.341 0.012 0.026 0.0500 0.0015 0.0031 0.0197 0.1142 5.27 125.5 4.5 109.8 14.0
BL-M3-2010-56C B C 9.8 743.0 322.0 493200 10850 765.0 7.38 1895 bdl 11.7 0.1 159.1 103.7 0.0508 0.0007 0.0016 0.394 0.022 0.035 0.0548 0.0029 0.0042 0.0206 0.1582 2.04 131.3 5.9 149.1 14.0
BL-M3-2010-56R R C 18.0 1090.0 624.2 510800 10920 311.8 6.54 1251 bdl 24.3 0.1 106.6 71.6 0.0498 0.0006 0.0015 0.359 0.010 0.027 0.0536 0.0015 0.0033 0.0460 0.3310 -0.09 289.7 8.6 290.3 19.0
BL-M3-2010-57 C D, I 27.7 1124.0 1446.0 510800 9270 4080.0 18.7 11780 1.2 23.2 4.9 1478.0 247.1 0.0393 0.0009 0.0014 0.311 0.010 0.024 0.0583 0.0016 0.0035 0.0243 0.4062 -7.69 154.5 6.8 346.2 14.0
BL-M3-2010-58 U-M D, I 74.7 10790.0 5680.0 503000 31430 5270.0 229.4 21300 21.2 221.9 33.1 2838.0 1052.0 0.0178 0.0003 0.0006 0.184 0.007 0.014 0.0742 0.0019 0.0044 0.0297 0.4176 -3.59 188.9 6.6 354.3 20.0
BL-M3-2010-59 U-M D, I 112.0 5495.0 1631.0 493000 26610 2610.0 73.9 8270 14.7 114.0 23.4 1109.0 435.9 0.0305 0.0023 0.0024 0.680 0.330 0.330 0.1170 0.0310 0.0320 0.0355 0.2905 0.28 224.9 6.9 259.0 17.0
BL-M3-2010-60 C D, I 134.8 6230.0 9490.0 454500 8017 4120.0 146.6 21230 15.3 246.7 22.4 2497.0 783.0 0.0208 0.0004 0.0007 0.241 0.007 0.018 0.0855 0.0011 0.0048 0.0198 0.1588 2.06 126.4 4.0 149.6 13.0
BL-M3-2010-61 U-M D, I 40.0 10000.0 2040.0 478800 24040 2850.0 130.3 8540 32.4 257.2 87.1 1245.0 802.0 0.0210 0.0007 0.0009 0.201 0.008 0.016 0.0723 0.0014 0.0042 0.0259 0.1963 2.09 164.9 6.2 182.0 15.0
BL-M3-2010-62 B C 9.7 890.0 371.0 518700 11540 263.8 5.66 940 bdl 14.6 0.1 80.9 61.7 0.0459 0.0005 0.0014 0.323 0.011 0.025 0.0515 0.0017 0.0033 0.0498 0.3882 -0.36 313.5 9.2 333.0 20.0
BL-M3-2010-63 U-M D, I 102.0 8120.0 11800.0 437700 16330 10170.0 91.7 25900 17.6 140.1 38.5 3190.0 717.0 0.0225 0.0009 0.0011 0.198 0.009 0.016 0.0642 0.0011 0.0036 0.0455 0.6488 -6.57 286.9 9.3 507.8 20.0
BL-M3-2010-64 U-M D, I 66.7 4800.0 5470.0 470000 24010 5790.0 82.9 13700 3900.0 8300.0 36.4 1800.0 790.0 0.0287 0.0007 0.0010 0.288 0.015 0.025 0.0743 0.0018 0.0044 0.0192 0.4185 -13.40 122.8 5.9 355.0 12.0
BL-M3-2010-65 U-M C 11.7 3001.0 525.0 508500 16020 855.0 18.1 1750 3.9 34.6 7.3 260.0 322.1 0.0356 0.0005 0.0011 0.304 0.007 0.022 0.0616 0.0012 0.0036 0.0492 0.3574 -0.10 309.5 8.9 310.3 19.0
BL-M3-2010-66 U-M D, I 33.0 6864.0 1862.0 475300 14310 7250.0 133.1 16500 43.9 356.9 109.0 2080.0 612.0 0.0202 0.0003 0.0006 0.212 0.005 0.015 0.0748 0.0016 0.0044 0.0506 0.3625 -0.27 317.9 10.0 314.1 25.0
BL-M3-2010-67 C D, I 60.8 6030.0 3332.0 502000 15660 19500.0 81 59300 16.1 167.5 46.8 7600.0 1041.0 0.0265 0.0007 0.0010 0.253 0.006 0.018 0.0719 0.0021 0.0045 0.0487 0.4101 -0.95 306.4 9.5 348.9 21.0
BL-M3-2010-68R R C 14.7 937.0 525.4 546900 11660 382.0 6.46 1047 8.3 41.9 0.1 89.7 59.0 0.0497 0.0005 0.0015 0.356 0.012 0.027 0.0535 0.0017 0.0034 0.0279 0.2116 0.80 177.4 6.8 194.9 16.0
BL-M3-2010-68C C D, I 40.1 1726.0 2470.0 511500 11950 345.1 5.26 1751 2760.0 6200.0 5.8 193.0 88.2 0.0427 0.0009 0.0015 0.356 0.010 0.026 0.0527 0.0013 0.0031 0.0182 0.1181 7.88 116.2 4.2 113.4 17.0
BL-M3-2010-69 U-M D, I 165.0 12500.0 24800.0 480000 19530 6160.0 90.7 17020 12.2 107.6 22.7 2470.0 561.0 0.0170 0.0008 0.0009 0.149 0.009 0.014 0.0632 0.0014 0.0037 0.0480 0.3583 -0.21 302.4 8.7 310.9 20.0
BL-M3-2010-70 U-C C 17.2 1782.0 613.0 531300 12390 326.9 5.37 1363 bdl 20.0 0.1 113.9 85.8 0.0491 0.0004 0.0014 0.349 0.008 0.025 0.0519 0.0011 0.0030 0.0159 0.1133 5.79 101.7 3.8 108.9 13.0
BL-M3-2010-71 U - no CL C 4.9 323.0 164.0 568200 10000 718.0 19.3 1986 bdl 5.7 0.7 189.0 93.9 0.0504 0.0009 0.0017 0.351 0.023 0.034 0.0498 0.0035 0.0044 0.0381 0.2975 -0.36 241.0 8.9 264.5 17.0
BL-M3-2010-72 U-C D, I 11.8 782.0 481.0 540300 10670 1240.0 17.6 2140 11.0 42.6 0.5 225.0 86.4 0.0482 0.0007 0.0015 0.349 0.012 0.027 0.0534 0.0017 0.0034 0.0432 0.3122 0.14 272.6 8.0 275.9 20.0
BL-M3-2010-73 B C 17.2 2550.0 810.0 507000 13940 544.0 23.4 2180 3.3 47.7 9.5 229.0 148.8 0.0281 0.0007 0.0011 0.278 0.007 0.021 0.0615 0.0014 0.0036 0.0333 0.2269 2.60 211.4 6.8 207.6 19.0
BL-M3-2010-74 C D, I 115.5 12090.0 4370.0 488600 12530 6960.0 104.8 27000 17.3 353.0 107.6 3030.0 755.0 0.0197 0.0004 0.0007 0.301 0.007 0.022 0.1116 0.0013 0.0062 0.0485 0.3629 -0.28 305.2 9.6 314.4 23.0
BL-M3-2010-75 R D 21.6 1197.0 796.0 530000 11110 333.3 7.08 1409 bdl 27.4 0.2 123.6 75.8 0.0479 0.0004 0.0014 0.352 0.013 0.028 0.0524 0.0017 0.0033 0.0183 0.2875 -4.19 117.0 5.4 256.6 14.0
BL-M3-2010-76 C D, I 102.7 16450.0 4740.0 486200 14240 24000.0 174.4 79000 31.8 411.0 146.2 9880.0 1694.0 0.0169 0.0004 0.0006 0.228 0.004 0.016 0.0987 0.0018 0.0057 0.0418 0.2924 0.31 264.0 8.6 260.5 18.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
MOO-M5-2012-1C C C 2.4 1051.0 85.5 472100 11434 806 7.1 1350 0.6 2.1 2.0 0.1 133.3 60.8 0.0476 0.0004 0.0016 0.344 0.006 0.012 0.0533 0.0009 0.0023 0.0476 0.3461 0.07 299.7 10.0 301.8 8.8
MOO-M5-2012-1R C D, I 423.4 457.3 456.4 449 435 411 454.0 462 437.2 450.5 431.1 444.1 434.2 437.4 0.2288 0.0022 0.0080 28.280 0.310 0.930 0.9093 0.0045 0.0370 – – – 42.0 – 32.0
MOO-M5-2012-2U/C U-C C 3.7 119.0 95.9 471100 7735 333 11.3 2611 bdl 6.2 4.8 2.5 256.1 121.0 0.0663 0.0007 0.0023 0.488 0.018 0.023 0.0541 0.0021 0.0030 0.0663 0.4954 -0.01 413.8 14.0 408.6 16.0
MOO-M5-2012-2R B C 0.7 52.1 19.3 471500 7839 98 9.7 454 bdl 1.9 0.4 0.4 36.7 32.7 0.0664 0.0010 0.0024 0.512 0.033 0.036 0.0574 0.0039 0.0046 0.0665 0.5394 -0.17 415.1 15.0 438.0 25.0
MOO-M5-2012-3 C D 21.4 1388.0 2241.0 472100 26980 1486 22.3 4520 1.6 16.1 9.4 1.4 411.0 153.8 0.0420 0.0003 0.0014 0.346 0.007 0.013 0.0602 0.0013 0.0028 0.0502 1.3364 -19.55 315.4 8.9 861.7 9.6
MOO-M5-2012-4 B D, I 21.4 673.0 1435.0 466900 8780 3220 11.9 10380 0.6 26.4 14.3 2.7 1003.0 254.3 0.0425 0.0007 0.0016 0.354 0.010 0.015 0.0612 0.0018 0.0031 0.0508 1.3675 -19.71 319.7 9.8 875.1 11.0
MOO-M5-2012-5 C C 12.1 960.3 436.8 481900 11580 679 3.6 2444 bdl 18.0 2.5 0.4 220.8 94.2 0.0506 0.0004 0.0017 0.356 0.009 0.014 0.0517 0.0011 0.0024 0.0507 0.3723 -0.19 318.6 11.0 321.3 10.0
MOO-M5-2012-6C C C 21.4 2707.0 983.2 458800 12440 797 3.2 3202 1.0 22.4 4.0 0.5 274.3 146.3 0.0334 0.0002 0.0011 0.257 0.003 0.009 0.0569 0.0008 0.0024 0.0332 0.2325 0.74 210.4 7.1 212.2 6.9
MOO-M5-2012-6R R C 21.6 1566.0 870.0 474200 11210 793 16.4 3080 3.3 42.4 14.3 0.9 300.0 165.7 0.0408 0.0005 0.0014 0.321 0.006 0.012 0.0581 0.0013 0.0027 0.0406 0.3003 0.53 256.3 8.9 266.7 9.1
MOO-M5-2012-7 U-BG D 19.5 1117.0 497.0 444600 11310 631 11.6 2511 5.8 42.6 14.7 1.6 229.3 119.4 0.0393 0.0005 0.0014 0.408 0.009 0.015 0.0762 0.0014 0.0034 0.0372 0.1528 5.50 235.3 8.7 144.4 11.0
MOO-M5-2012-8 B D, I 40.1 6420.0 2454.0 414300 10090 5800 69.5 13500 4.9 85.2 91.7 57.7 1552.0 540.0 0.0279 0.0002 0.0010 0.209 0.004 0.008 0.0551 0.0009 0.0024 0.0279 0.2156 -0.11 177.5 6.0 198.2 6.3
MOO-M5-2012-9 B D, I 427.6 462.2 456.6 449 433 419 452.3 460 438.4 451.4 432.5 449.3 436.5 439.8 0.2315 0.0020 0.0080 28.980 0.300 0.940 0.9030 0.0050 0.0370 – – – 42.0 – 32.0
MOO-M5-2012-10C C C 5.2 200.6 132.6 464500 10010 168 3.8 1340 bdl 4.5 1.4 1.0 106.5 91.5 0.0671 0.0006 0.0023 0.501 0.015 0.021 0.0539 0.0017 0.0028 0.0670 0.4895 0.11 418.0 14.0 404.6 15.0
MOO-M5-2012-10R R C 9.2 494.0 242.5 468300 7539 113 5.1 909 bdl 3.4 1.6 1.2 69.2 84.2 0.0674 0.0005 0.0023 0.503 0.011 0.019 0.0537 0.0011 0.0024 0.0675 0.5099 -0.13 421.1 14.0 418.4 13.0
MOO-M5-2012-11 C C 5.8 730.0 219.0 463900 12040 578 3.7 1510 0.3 11.0 2.3 0.4 127.0 67.4 0.0502 0.0007 0.0018 0.375 0.008 0.014 0.0538 0.0011 0.0025 0.0503 0.3877 -0.26 316.3 11.0 332.7 10.0
MOO-M5-2012-12 U-C D 22.6 1422.0 1146.0 443800 9753 1189 9.0 3170 5.8 41.6 15.3 0.8 280.0 132.5 0.0368 0.0004 0.0013 0.303 0.008 0.012 0.0599 0.0015 0.0029 0.0373 0.3604 -1.28 235.9 8.0 312.5 9.5
MOO-M5-2012-13 C D, I 27.1 1342.0 980.0 457000 9610 2300 6.0 5560 9.6 51.9 22.7 1.5 507.0 194.6 0.0462 0.0015 0.0021 0.353 0.012 0.016 0.0551 0.0021 0.0031 0.0461 0.3359 0.27 290.4 13.0 294.1 12.0
MOO-M1-2012-1 R C 10.9 572.3 325.5 449100 9706 513 4.3 1234 0.3 16.8 1.8 0.2 109.9 66.5 0.0557 0.0006 0.0015 0.403 0.012 0.028 0.0548 0.0015 0.0031 0.0558 0.4374 -0.25 350.1 9.4 368.4 20.0
MOO-M1-2012-2 C C 8.6 675.0 292.7 466200 11160 247 2.6 943 bdl 15.3 0.5 0.0 79.5 55.6 0.0518 0.0004 0.0014 0.374 0.007 0.025 0.0548 0.0010 0.0029 0.0519 0.4088 -0.28 326.3 8.3 348.0 18.0
MOO-M1-2012-3B B C 31.6 1384.0 1079.0 472500 9650 467 14.3 2950 bdl 33.2 5.1 0.2 285.7 137.5 0.0518 0.0005 0.0014 0.382 0.008 0.026 0.0558 0.0011 0.0030 0.0521 0.4250 -0.42 327.1 8.6 359.6 19.0
MOO-M1-2012-3R R C 13.8 930.0 413.0 436000 10680 903 6.4 1614 9.6 36.2 13.1 0.4 144.0 75.9 0.0509 0.0007 0.0014 0.391 0.013 0.028 0.0585 0.0018 0.0034 0.0506 0.3730 0.61 318.1 8.9 321.8 20.0
MOO-M1-2012-4 C D, I 36.7 4858.0 1727.0 424400 12230 1392 37.1 7460 41.1 229.0 106.5 13.1 730.0 292.9 0.0170 0.0003 0.0005 0.209 0.003 0.014 0.0926 0.0013 0.0047 0.0159 0.0816 6.69 101.6 3.3 79.7 11.0
MOO-M1-2012-5 R C 16.3 1114.0 621.5 478900 11710 810 6.7 2916 0.8 24.2 4.7 0.8 279.6 127.5 0.0455 0.0004 0.0012 0.346 0.010 0.024 0.0568 0.0016 0.0032 0.0456 0.3672 -0.20 287.3 7.4 317.6 18.0
MOO-M1-2012-6R R C 25.6 2118.0 1027.0 467700 11520 472 4.1 2332 2.6 38.8 9.2 1.0 207.3 123.1 0.0404 0.0005 0.0011 0.314 0.005 0.021 0.0577 0.0011 0.0030 0.0401 0.2919 0.60 253.7 6.9 260.1 16.0
MOO-M1-2012-6C C C 31.9 1768.0 1357.0 461200 10460 825 6.8 2404 6.4 42.5 12.6 0.4 224.6 114.5 0.0423 0.0005 0.0012 0.331 0.009 0.023 0.0580 0.0016 0.0032 0.0426 0.3668 -0.55 268.7 7.4 317.2 17.0
MOO-M1-2012-7C C C 67.5 3784.0 5290.0 468500 7933 1070 9.8 9550 0.6 172.0 22.4 1.4 983.0 401.4 0.0205 0.0002 0.0006 0.191 0.004 0.013 0.0692 0.0012 0.0036 0.0199 0.1251 2.87 126.8 3.6 119.6 11.0
MOO-M1-2012-7R R C 13.7 2584.0 451.2 471500 15440 754 15.1 3450 7.6 50.9 24.5 2.5 321.0 171.9 0.0358 0.0007 0.0011 0.300 0.007 0.020 0.0622 0.0011 0.0033 0.0353 0.2486 1.35 223.4 6.9 225.4 16.0
MOO-M1-2012-8C C D, I 40.7 961.0 656.0 397000 10310 1374 26.6 3480 490.0 903.0 314.0 2.3 322.0 121.0 0.0579 0.0007 0.0016 1.161 0.022 0.077 0.1444 0.0027 0.0076 0.0508 0.2931 12.23 319.7 9.9 261.0 36.0
MOO-M1-2012-8R R D, I 14.8 1123.0 515.5 473500 10880 2360 4.3 1431 56.9 155.0 80.1 0.4 133.2 78.7 0.0466 0.0010 0.0015 0.357 0.009 0.024 0.0561 0.0010 0.0029 0.0462 0.3130 0.84 291.2 9.5 276.5 18.0
MOO-M1-2012-9C C D, I 83.4 5060.0 5570.0 435300 12240 9860 118.0 22420 160.0 580.0 396.0 12.6 2390.0 1014.0 0.0261 0.0004 0.0008 0.301 0.006 0.020 0.0830 0.0010 0.0042 0.0260 0.2824 0.53 165.3 4.7 252.5 16.0
MOO-M1-2012-9R R C 16.7 1578.0 565.1 476500 11920 315 18.5 1652 2.0 28.1 7.3 0.9 142.8 97.4 0.0426 0.0010 0.0014 0.347 0.007 0.023 0.0591 0.0011 0.0031 0.0419 0.2684 1.53 264.8 8.9 241.4 17.0
MOO-M1-2012-10 U-C C 7.8 255.3 293.3 475700 7478 685 14.6 3377 bdl 7.7 8.6 2.2 354.8 127.5 0.0512 0.0005 0.0014 0.385 0.011 0.027 0.0541 0.0017 0.0031 0.0518 0.4500 -1.10 325.4 8.4 377.3 20.0
MOO-M1-2012-11 B D 13.5 1106.0 552.0 462400 9760 1324 9.7 4351 3.0 33.7 12.1 1.8 408.1 129.2 0.0344 0.0006 0.0011 0.299 0.008 0.021 0.0627 0.0014 0.0034 0.0336 0.2037 2.26 212.9 6.7 188.3 17.0
MOO-M1-2012-12 R C 25.9 2279.0 1165.0 474600 11730 912 12.6 3710 4.7 47.8 20.7 2.5 341.0 163.1 0.0381 0.0005 0.0011 0.322 0.006 0.021 0.0601 0.0012 0.0032 0.0378 0.2798 0.78 239.0 6.6 250.5 17.0
MOO-M1-2012-13 R C 22.8 2247.0 982.0 469400 12250 521 6.7 2563 3.5 35.2 10.6 1.4 228.4 127.3 0.0386 0.0003 0.0010 0.324 0.005 0.021 0.0595 0.0009 0.0030 0.0384 0.2876 0.63 242.9 6.3 256.7 16.0
MOO-M1-2012-14C C C 17.2 1240.0 744.0 453000 9580 903 11.2 2259 5.3 36.4 13.3 1.9 217.0 99.9 0.0341 0.0005 0.0010 0.298 0.010 0.021 0.0623 0.0022 0.0038 0.0335 0.2225 1.71 212.3 6.2 204.0 17.0
MOO-M1-2012-14B B D, I 26.5 2470.0 1223.0 450300 10680 951 264.0 3990 16.0 99.3 40.8 5.6 384.0 162.7 0.0258 0.0003 0.0007 0.263 0.005 0.017 0.0726 0.0014 0.0038 0.0247 0.1321 4.08 157.3 4.6 126.0 14.0
MOO-M1-2012-15 R C 18.0 1231.0 623.0 476000 11020 102 3.3 512 bdl 39.4 0.8 0.5 36.0 51.7 0.0513 0.0004 0.0013 0.404 0.007 0.027 0.0553 0.0010 0.0029 0.0512 0.3882 0.04 322.1 8.3 333.0 19.0
MOO-M1-2012-16 US C 11.9 747.0 429.4 471600 10410 753 5.9 2546 0.4 21.2 4.7 0.7 232.4 84.2 0.0523 0.0005 0.0014 0.396 0.010 0.027 0.0539 0.0013 0.0030 0.0525 0.4176 -0.46 329.9 8.6 354.3 20.0
MOO-M1-2012-18 R C 22.1 2113.0 841.0 475400 12330 740 6.1 3070 2.0 31.2 8.6 1.0 285.0 144.8 0.0405 0.0006 0.0012 0.328 0.008 0.022 0.0576 0.0013 0.0031 0.0401 0.2787 0.88 253.6 7.4 249.6 17.0
MOO-M1-2012-19 R D, I 60.8 4906.0 2864.0 443200 17320 1513 76.0 10840 23.2 188.1 136.9 8.9 1186.0 603.0 0.0300 0.0003 0.0008 0.329 0.003 0.021 0.0778 0.0009 0.0039 0.0292 0.2245 2.70 185.3 5.0 205.7 16.0
MOO-M1-2012-20 C D, I 70.8 10740.0 3641.0 397400 11810 4416 132.5 18620 26.6 200.0 133.9 13.0 1901.0 964.0 0.0340 0.0020 0.0022 0.314 0.014 0.024 0.0659 0.0015 0.0036 0.0339 0.3026 0.15 215.2 14.0 268.5 19.0
MOO-M1-2012-21 C D, I 313.0 10450.0 79800.0 386700 10810 6530 233.0 16530 82.4 394.0 374.0 19.6 2250.0 365.0 0.0133 0.0003 0.0005 0.139 0.007 0.011 0.0751 0.0023 0.0044 – – – 3.0 – 10.0
MOO-M1-2012-22 R C 22.4 2594.0 935.5 459400 12200 625 5.1 3026 2.9 34.2 8.1 1.0 262.6 154.7 0.0366 0.0002 0.0010 0.303 0.004 0.020 0.0591 0.0009 0.0030 0.0363 0.2617 0.82 229.8 5.9 236.0 15.0
MOO-M1-2012-23 C C 5.1 456.0 183.2 503300 11600 231 3.1 724 1.0 14.2 2.3 0.1 58.0 44.4 0.0512 0.0008 0.0015 0.379 0.022 0.032 0.0516 0.0029 0.0039 0.0510 0.3471 0.28 320.9 9.4 302.5 24.0
MOO-M1-2012-24C C C 29.4 3077.0 1133.0 438700 11680 1236 12.5 4700 5.8 41.3 15.1 2.0 402.0 228.4 0.0376 0.0004 0.0010 0.319 0.010 0.022 0.0604 0.0016 0.0034 0.0372 0.2604 1.17 235.3 6.5 235.0 17.0
MOO-M1-2012-24R R C 5.4 365.0 165.7 473200 10480 224 4.0 683 bdl 12.2 0.5 0.1 58.3 40.0 0.0544 0.0008 0.0016 0.407 0.015 0.030 0.0540 0.0020 0.0033 0.0542 0.3892 0.24 340.5 9.8 333.8 22.0
MOO-M1-2012-25 C D, I 29.4 1353.0 1150.0 477100 10070 5010 6.4 13700 8.6 67.4 57.5 4.1 1194.0 307.6 0.0473 0.0004 0.0013 0.367 0.006 0.024 0.0563 0.0009 0.0029 0.0475 0.4014 -0.60 299.4 7.8 342.6 18.0
MOO-M1-2012-26 C D, I 71.6 6420.0 4273.0 406800 9630 3600 89.9 18170 71.4 494.0 253.6 41.6 1853.0 647.2 0.0154 0.0003 0.0005 0.238 0.004 0.016 0.1109 0.0017 0.0057 0.0138 0.0439 10.45 88.3 3.0 43.6 13.0
MOO-M1-2012-27 B C 14.6 919.0 666.0 490400 11860 1160 4.5 3720 0.6 23.5 6.7 1.1 350.0 112.5 0.0477 0.0007 0.0014 0.372 0.011 0.026 0.0557 0.0019 0.0033 0.0486 0.4695 -1.79 305.6 8.5 390.8 19.0
MOO-M1-2012-28 R C 15.9 875.0 554.6 467200 10480 1189 4.6 3850 1.1 25.6 5.5 0.7 347.0 115.9 0.0512 0.0006 0.0014 0.377 0.013 0.027 0.0523 0.0017 0.0031 0.0514 0.3909 -0.35 323.0 8.7 335.0 20.0
MOO-M1-2012-29 C C 17.2 427.5 337.8 484100 10280 391 10.0 1626 bdl 16.2 1.8 0.3 153.7 73.2 0.0591 0.0009 0.0017 0.954 0.028 0.067 0.1138 0.0032 0.0064 0.0543 0.3504 8.04 341.2 10.0 305.0 35.0
MOO-M1-2012-30 R D, I 21.1 1462.0 760.0 459600 11450 11990 990.0 2136 282.0 734.0 464.0 0.7 239.2 95.9 0.0486 0.0006 0.0014 0.394 0.009 0.027 0.0580 0.0015 0.0032 0.0483 0.3596 0.49 304.2 8.4 311.9 19.0
MOO-M1-2012-31 C C 2.7 134.7 78.1 490000 9410 262 9.9 689 bdl 5.0 1.3 0.2 62.2 37.5 0.0556 0.0007 0.0016 0.461 0.025 0.038 0.0594 0.0035 0.0046 0.0550 0.3819 1.09 345.0 9.6 328.4 27.0
MOO-M1-2012-32 R D 20.5 1120.0 428.0 495500 11810 343 9.0 1511 1.8 29.2 9.0 0.8 140.0 80.0 0.0466 0.0014 0.0018 0.371 0.013 0.027 0.0581 0.0015 0.0032 0.0442 0.0818 5.18 278.7 11.0 79.8 20.0
MOO-M1-2012-33 R D, I 15.9 1504.0 629.0 466200 12980 4360 20.9 13180 6.6 49.1 35.8 5.6 1460.0 301.0 0.0359 0.0004 0.0010 0.350 0.010 0.024 0.0703 0.0018 0.0039 0.0354 0.2825 1.52 224.0 6.2 252.6 18.0
MOO-M1-2012-34 B C 22.1 4232.0 1259.0 462400 12710 816 6.2 4397 4.5 38.8 10.7 1.4 372.2 238.8 0.0237 0.0006 0.0008 0.211 0.005 0.014 0.0643 0.0010 0.0033 0.0233 0.1651 1.59 148.6 5.2 155.1 12.0
MOO-M1-2012-35 R C 31.5 3088.0 1368.0 461600 12160 866 9.9 4590 3.9 55.0 20.0 1.7 423.0 218.5 0.0370 0.0005 0.0010 0.310 0.004 0.020 0.0599 0.0009 0.0031 0.0368 0.2734 0.73 232.7 6.5 245.4 16.0
MOO-M1-2012-36C C D, I 16.6 2129.0 536.0 442700 14270 4640 26.2 4670 21.2 91.2 72.8 2.9 444.0 227.0 0.0303 0.0005 0.0009 0.313 0.010 0.022 0.0761 0.0022 0.0043 0.0292 0.1923 3.45 185.8 5.8 178.6 17.0
MOO-M1-2012-36R R C 9.6 589.0 336.7 508600 10940 296 5.2 1102 0.5 21.4 1.5 0.1 100.2 59.1 0.0533 0.0006 0.0015 0.402 0.015 0.029 0.0542 0.0021 0.0034 0.0533 0.3913 0.11 334.5 9.1 335.3 21.0
MOO-M1-2012-37 R C 6.7 461.7 213.2 483100 11020 221 3.5 753 bdl 14.0 0.5 0.1 63.9 43.5 0.0542 0.0005 0.0014 0.407 0.010 0.028 0.0538 0.0015 0.0030 0.0541 0.3850 0.26 339.6 8.8 330.7 20.0
MOO-M1-2012-38 R C 23.1 1762.0 1017.0 469500 11170 625 9.3 2400 7.9 59.1 20.9 2.3 227.0 119.5 0.0336 0.0006 0.0010 0.316 0.007 0.021 0.0679 0.0013 0.0036 0.0328 0.2236 2.25 208.3 6.4 204.9 16.0
MOO-M1-2012-39 R C 9.6 569.4 341.6 491400 10600 288 4.4 1179 0.1 19.1 1.2 0.1 106.7 62.0 0.0520 0.0005 0.0014 0.387 0.010 0.027 0.0538 0.0014 0.0030 0.0522 0.4095 -0.37 328.2 8.6 348.5 20.0
MOO-M1-2010-1 C D, I 103.5 6180.0 3780.0 434000 12220 3590 216.0 19640 29.8 262.0 9.8 1930.0 921.0 0.0304 0.0005 0.0011 0.352 0.008 0.012 0.0849 0.0019 0.0049 0.0288 0.1633 5.28 182.9 6.8 153.6 9.2
MOO-M1-2010-2 R C 25.7 2012.0 935.0 478200 11720 1459 8.8 3315 5.0 42.4 1.5 299.2 159.0 0.0398 0.0005 0.0014 0.325 0.006 0.011 0.0601 0.0013 0.0035 0.0393 0.2657 1.34 248.4 8.4 239.3 8.2
MOO-M1-2010-3U(R?) US C 19.8 875.0 672.0 502300 10070 598 7.1 2143 0.8 28.1 0.4 184.7 87.8 0.0496 0.0005 0.0017 0.373 0.008 0.013 0.0546 0.0010 0.0031 0.0495 0.3589 0.24 311.4 10.0 311.4 9.1
MOO-M1-2010-3U(C?) US D 4.5 316.9 114.6 430000 8650 244 30.3 669 1.6 12.5 0.1 56.9 41.0 0.0531 0.0010 0.0019 0.451 0.029 0.031 0.0619 0.0040 0.0052 0.0519 0.3154 2.14 326.3 12.0 278.4 22.0
MOO-M1-2010-4 US D, I 39.7 3247.0 1957.0 450800 10610 9370 39.3 13500 143.0 505.0 14.8 1280.0 348.0 0.0223 0.0003 0.0008 0.241 0.006 0.009 0.0793 0.0019 0.0047 0.0211 0.1079 5.10 134.9 4.9 104.1 7.3
MOO-M1-2010-5C C D, I 43.4 3790.0 2580.0 497000 13540 1820 58.0 9100 10.4 87.0 4.5 870.0 371.0 0.0236 0.0024 0.0025 0.220 0.014 0.015 0.0646 0.0038 0.0052 0.0234 0.1904 0.70 149.3 16.0 177.0 13.0
MOO-M1-2010-5R R D, I 11.5 569.0 499.0 482700 10830 1129 155.0 3610 0.2 16.9 1.0 349.0 93.6 0.0496 0.0007 0.0017 0.453 0.017 0.021 0.0676 0.0025 0.0044 0.0511 0.6482 -3.11 321.2 11.0 507.4 15.0
MOO-M1-2010-6 R D, I 126.9 7935.0 6290.0 452200 11630 1840 136.0 16600 28.7 306.0 9.2 1780.0 967.0 0.0252 0.0005 0.0010 0.278 0.010 0.013 0.0798 0.0015 0.0045 0.0240 0.1326 4.81 153.0 6.1 126.5 10.0
MOO-M1-2010-7 US D, I 18.8 1094.0 764.0 495500 10850 2010 6.2 4870 5.8 41.8 1.3 419.8 148.4 0.0453 0.0004 0.0015 0.345 0.007 0.012 0.0558 0.0012 0.0032 0.0457 0.3979 -0.90 288.4 9.3 340.1 9.0
MOO-M1-2010-8 US D 16.1 1563.0 855.0 499200 11760 970 6.9 3300 4.1 39.3 1.7 286.0 118.5 0.0354 0.0003 0.0012 0.281 0.006 0.010 0.0580 0.0013 0.0034 0.0356 0.3110 -0.65 225.8 7.3 274.9 7.7
MOO-M1-2010-9U(C?) US D, I 45.7 3060.0 2050.0 342800 8650 3370 108.7 9900 1050.0 2000.0 8.9 949.0 434.0 0.0226 0.0006 0.0009 0.297 0.013 0.015 0.0958 0.0034 0.0062 0.0209 0.0972 7.46 133.3 5.9 94.1 12.0
MOO-M1-2010-9U(R?) US D, I 25.5 1857.0 930.0 498000 13050 2126 24.8 7890 30.0 88.0 2.7 740.0 229.0 0.0413 0.0009 0.0016 0.350 0.010 0.014 0.0623 0.0021 0.0039 0.0409 0.3081 0.94 258.6 10.0 272.7 10.0
MOO-M1-2010-10C C C 13.5 2020.0 598.0 534000 14520 1254 4.3 4090 0.9 15.2 0.7 365.0 154.1 0.0403 0.0008 0.0015 0.306 0.008 0.012 0.0553 0.0014 0.0033 0.0405 0.3248 -0.35 255.8 9.5 285.6 9.0
MOO-M1-2010-10U(R?) US C 7.3 1030.0 242.2 502100 14040 860 1.6 1037 0.7 10.7 0.1 81.8 65.2 0.0512 0.0004 0.0017 0.375 0.007 0.012 0.0532 0.0010 0.0030 0.0513 0.3852 -0.15 322.6 10.0 330.8 9.2
MOO-M1-2010-11U(C?) US D, I 26.6 4090.0 1206.0 460000 13220 2270 27.3 6990 15.9 77.2 3.2 598.0 278.5 0.0283 0.0009 0.0013 0.255 0.008 0.010 0.0649 0.0012 0.0037 0.0278 0.1980 1.63 177.1 8.1 183.4 8.3
MOO-M1-2010-11U(R?) US C 6.5 416.2 227.8 521600 10470 254 5.3 931 bdl 15.1 0.1 80.7 50.1 0.0518 0.0006 0.0018 0.379 0.017 0.020 0.0536 0.0024 0.0038 0.0521 0.4178 -0.56 327.2 11.0 354.5 15.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
MOO-M1-2010-12R R C 16.7 1205.0 698.9 509800 11830 1508 3.9 5025 2.7 28.5 1.6 425.0 136.9 0.0483 0.0008 0.0017 0.352 0.007 0.012 0.0538 0.0011 0.0031 0.0491 0.4488 -1.55 308.8 11.0 376.4 8.9
MOO-M1-2010-12B B D, I 41.0 3570.0 2550.0 434100 10770 5020 48.8 14620 608.0 1110.0 10.2 1274.0 500.0 0.0239 0.0004 0.0008 0.246 0.006 0.009 0.0761 0.0019 0.0045 0.0237 0.2184 1.15 150.8 5.3 200.6 7.4
MOO-M1-2010-13 B D, I 26.4 2389.0 1314.0 542800 11330 1840 20.8 6570 18.2 90.2 3.3 603.0 240.5 0.0288 0.0005 0.0010 0.260 0.007 0.010 0.0660 0.0017 0.0039 0.0282 0.1947 1.96 179.6 6.4 180.6 7.5
MOO-M1-2010-14 R C 22.6 3605.0 1146.0 513800 13950 1032 6.8 4790 7.5 55.5 2.1 394.0 200.9 0.0244 0.0006 0.0010 0.210 0.007 0.009 0.0630 0.0016 0.0037 0.0239 0.1595 1.79 152.4 6.4 150.3 7.3
MOO-M1-2010-15 B D 31.1 1600.0 1094.0 490900 11690 1420 7.0 5550 1.2 25.9 1.2 469.0 181.3 0.0451 0.0013 0.0020 0.424 0.017 0.021 0.0697 0.0020 0.0042 0.0449 0.4068 0.49 283.0 12.0 346.5 15.0
MOO-M1-2010-16 C C 13.6 1194.0 498.0 502800 12270 630 5.6 2090 0.3 16.0 0.2 195.0 94.3 0.0451 0.0005 0.0015 0.336 0.010 0.014 0.0541 0.0017 0.0034 0.0451 0.3439 -0.14 284.5 9.4 300.1 10.0
MOO-M1-2010-17 B D, I 40.2 4338.0 2096.0 488600 11340 693 37.1 6750 16.5 125.1 2.9 592.0 257.0 0.0184 0.0002 0.0006 0.234 0.004 0.008 0.0927 0.0017 0.0053 0.0173 0.0990 6.22 110.5 4.0 95.9 6.4
MOO-M1-2010-18 R D, I 29.2 2500.0 1750.0 522000 12220 3814 24.1 15200 11.2 95.0 7.7 1344.0 369.0 0.0220 0.0031 0.0032 0.205 0.017 0.018 0.0668 0.0046 0.0058 0.0218 0.1817 0.80 139.2 20.0 169.5 15.0
MOO-M1-2010-19 C C 14.3 1288.0 500.0 526000 13420 346 2.4 2010 0.7 17.7 0.1 157.0 108.8 0.0510 0.0006 0.0017 0.369 0.007 0.013 0.0524 0.0011 0.0030 0.0511 0.3838 -0.25 321.3 11.0 329.8 9.3
MOO-M1-2010-20 B C 27.5 844.0 958.0 508300 7621 624 15.5 3901 bdl 17.1 1.1 366.6 154.8 0.0510 0.0005 0.0017 0.352 0.009 0.013 0.0504 0.0013 0.0030 0.0514 0.4130 -0.96 323.3 10.0 351.0 9.9
MOO-M1-2010-21C C C 4.2 521.0 137.2 500900 12410 612 2.5 1787 bdl 9.2 0.4 155.3 58.0 0.0522 0.0006 0.0018 0.370 0.010 0.015 0.0521 0.0016 0.0032 0.0523 0.3832 -0.13 328.5 11.0 329.4 11.0
MOO-M1-2010-21R R C 46.4 1528.0 1600.0 510400 9931 602 5.4 5240 bdl 47.0 1.0 485.0 205.8 0.0528 0.0004 0.0017 0.381 0.006 0.012 0.0526 0.0007 0.0029 0.0535 0.4663 -1.31 335.8 11.0 388.6 8.5
MOO-M1-2010-22 C C 4.3 1140.0 136.2 514400 22400 377 2.5 1229 0.2 7.9 0.2 96.9 77.7 0.0533 0.0007 0.0018 0.396 0.011 0.016 0.0537 0.0011 0.0031 0.0533 0.3959 -0.02 334.8 11.0 338.7 11.0
MOO-M1-2010-23 C C 11.5 580.0 360.0 494200 10710 1533 5.1 5240 0.8 18.9 1.4 445.0 130.0 0.0570 0.0009 0.0020 0.422 0.018 0.021 0.0545 0.0024 0.0038 0.0574 0.4700 -0.60 359.7 12.0 391.2 15.0
MOO-M1-2010-24 C D, I 35.1 4080.0 2070.0 512000 14530 3990 35.3 15630 18.8 115.8 8.6 1326.0 466.0 0.0239 0.0006 0.0010 0.240 0.007 0.010 0.0732 0.0020 0.0044 0.0234 0.1876 1.87 149.1 6.2 174.5 8.0
MOO-M1-2010-25 C D 22.1 1401.0 907.0 498900 11430 1301 21.0 4259 6.6 46.8 3.3 371.6 144.2 0.0319 0.0007 0.0012 0.419 0.037 0.039 0.0938 0.0068 0.0085 0.0307 0.2710 3.70 194.9 7.6 243.5 28.0
MOO-M1-2010-26U(C?) US D, I 66.5 9730.0 7090.0 465100 11930 6360 115.0 25400 44.6 238.2 20.6 2220.0 1159.0 0.0149 0.0004 0.0006 0.172 0.004 0.006 0.0828 0.0020 0.0049 0.0145 0.1300 2.24 93.0 3.7 124.1 5.3
MOO-M1-2010-26U(R?) US C 12.8 824.0 459.0 543100 11650 601 4.3 1470 2.3 28.4 0.2 125.0 73.6 0.0521 0.0005 0.0017 0.378 0.014 0.017 0.0526 0.0019 0.0034 0.0524 0.4200 -0.67 329.4 11.0 356.0 13.0
MOO-M1-2010-27 US C 11.9 394.0 406.0 525300 7885 500 10.9 3360 0.6 13.3 1.9 327.0 133.3 0.0515 0.0006 0.0017 0.369 0.013 0.017 0.0522 0.0020 0.0034 0.0518 0.4121 -0.67 325.6 11.0 350.4 13.0
MOO-M1-2010-28 US C 22.2 1343.0 808.0 517200 11200 479 4.4 2097 bdl 26.6 0.2 172.4 112.2 0.0484 0.0004 0.0016 0.361 0.007 0.012 0.0546 0.0009 0.0031 0.0485 0.3806 -0.29 305.3 9.9 327.4 8.6
MOO-M1-2010-29 US D 53.1 1554.0 2713.0 481300 8000 1300 18.7 4800 1.0 60.2 1.2 439.0 170.4 0.0377 0.0009 0.0015 0.301 0.010 0.013 0.0585 0.0021 0.0038 0.0398 0.5503 -5.42 251.4 9.2 445.2 10.0
MOO-M1-2010-30 US C 12.8 920.0 447.0 545300 12430 315 3.2 1346 0.2 21.0 0.1 108.7 78.8 0.0524 0.0007 0.0018 0.388 0.010 0.015 0.0541 0.0016 0.0033 0.0526 0.4153 -0.38 330.5 11.0 352.7 11.0
MOO-M1-2010-31 US D 21.7 2671.0 1044.0 540000 17470 910 9.0 4130 6.0 48.0 2.5 341.0 174.1 0.0371 0.0006 0.0014 0.309 0.008 0.011 0.0605 0.0015 0.0036 0.0372 0.3147 -0.11 235.2 8.4 277.8 8.8
MOO-M1-2010-32 US C 19.2 1357.0 677.0 516000 12140 866 2.8 3702 0.2 21.4 0.6 290.9 140.5 0.0521 0.0004 0.0017 0.379 0.009 0.013 0.0531 0.0013 0.0031 0.0524 0.4219 -0.65 329.2 10.0 357.4 9.9
MOO-M1-2010-33U(R?) US C 12.1 724.0 387.0 493000 10240 618 7.3 1709 1.8 20.1 0.3 142.5 82.2 0.0513 0.0006 0.0017 0.387 0.010 0.015 0.0548 0.0016 0.0033 0.0512 0.3695 0.30 321.8 11.0 319.3 11.0
MOO-M1-2010-33U(C?) US C 14.2 942.0 488.9 527600 11610 486 3.7 1461 1.3 25.2 0.1 121.9 80.2 0.0523 0.0004 0.0017 0.375 0.011 0.015 0.0520 0.0014 0.0031 0.0524 0.3922 -0.27 329.4 11.0 336.0 11.0
MOO-M1-2010-34 US C 14.9 1117.0 511.0 519300 12140 459 3.1 1635 1.3 22.5 0.1 138.9 91.2 0.0530 0.0005 0.0018 0.381 0.008 0.013 0.0522 0.0012 0.0030 0.0532 0.4032 -0.34 334.0 11.0 344.0 9.8
MOO-M1-2010-35 US D 28.4 2811.0 1305.0 530400 13100 1595 6.9 6330 2.5 35.2 1.4 507.0 225.0 0.0368 0.0004 0.0012 0.293 0.005 0.010 0.0579 0.0009 0.0032 0.0368 0.2933 0.02 233.2 7.7 261.2 7.6
MOO-M1-2010-36 US D, I 67.9 8190.0 4880.0 453600 12110 10640 166.5 37500 40.4 253.9 19.9 3360.0 1453.0 0.0168 0.0004 0.0006 0.197 0.003 0.006 0.0854 0.0019 0.0050 0.0161 0.1157 4.10 102.9 4.1 111.1 5.3
MOO-M1-2010-37 US C 8.2 364.0 288.0 501000 9310 1630 7.7 3300 7.0 33.0 0.8 269.3 89.9 0.0533 0.0007 0.0019 0.393 0.030 0.032 0.0533 0.0042 0.0051 0.0540 0.4693 -1.20 338.8 11.0 390.7 23.0
MOO-M1-2010-38 US C 10.9 569.0 372.0 543100 11190 772 5.4 1225 5.0 31.9 0.2 108.3 66.1 0.0522 0.0007 0.0018 0.368 0.011 0.015 0.0525 0.0016 0.0032 0.0524 0.4082 -0.48 329.5 11.0 347.6 11.0
MOO-M1-2010-39 R C 22.8 927.0 806.0 512500 9150 1256 7.4 5120 1.1 26.4 1.1 449.0 175.1 0.0508 0.0006 0.0017 0.378 0.010 0.015 0.0544 0.0014 0.0033 0.0512 0.4276 -0.76 321.7 11.0 361.4 11.0
MOO-M1-2010-40 US C 6.0 320.0 233.0 519800 9840 1446 15.0 4336 0.3 10.0 1.6 358.5 118.7 0.0564 0.0010 0.0021 0.398 0.022 0.025 0.0515 0.0025 0.0038 0.0580 0.5897 -2.76 363.2 13.0 470.6 18.0
MOO-M1-2010-41 R D, I 20.4 1230.0 727.0 510000 11810 1800 4.3 4230 13.2 59.0 0.7 358.0 150.0 0.0529 0.0014 0.0022 0.396 0.016 0.020 0.0544 0.0016 0.0033 0.0534 0.4558 -0.92 335.3 13.0 381.3 14.0
MOO-M1-2010-42 C D, I 39.7 6970.0 2255.0 490900 12020 2221 31.7 8560 40.0 194.4 13.6 728.0 350.2 0.0130 0.0001 0.0004 0.153 0.003 0.005 0.0849 0.0017 0.0049 0.0122 0.0490 6.68 77.9 2.8 48.5 4.6
MOO-M1-2010-43 C D 12.6 415.0 1012.0 497400 8780 1990 19.6 5790 3.7 26.2 2.2 550.7 167.3 0.0414 0.0013 0.0019 0.361 0.025 0.027 0.0633 0.0047 0.0058 0.0539 1.8714 -30.28 338.6 12.0 1071.0 20.0
MOO-M1-2010-44 US D, I 32.9 4039.0 1809.0 503900 11850 1098 20.3 6170 22.8 144.5 8.6 556.0 245.5 0.0206 0.0002 0.0007 0.215 0.004 0.007 0.0757 0.0013 0.0043 0.0198 0.1202 3.85 126.3 4.3 115.2 6.0
MOO-M1-2010-45 UG C 16.7 771.0 574.4 528600 10980 471 6.0 1937 bdl 25.6 0.3 170.4 87.7 0.0531 0.0005 0.0018 0.392 0.012 0.016 0.0537 0.0016 0.0033 0.0534 0.4351 -0.66 335.5 11.0 366.8 12.0
MOO-M1-2010-46 B D, I 18.3 1980.0 713.0 498600 12370 2307 12.5 6950 7.4 55.6 2.8 641.0 255.0 0.0341 0.0019 0.0022 0.282 0.012 0.014 0.0611 0.0018 0.0037 0.0335 0.2173 1.71 212.5 14.0 199.7 11.0
MOO-M1-2010-47 R D, I 16.6 1040.0 625.0 503100 11450 2066 5.3 6870 1.0 23.4 1.7 586.0 171.9 0.0398 0.0006 0.0014 0.316 0.009 0.013 0.0536 0.0012 0.0031 0.0400 0.3168 -0.47 252.9 8.6 279.4 9.9
MOO-M1-2010-48 C C 11.9 1095.0 420.0 532000 12300 394 2.9 1568 bdl 15.0 0.1 119.3 91.6 0.0520 0.0007 0.0018 0.383 0.009 0.014 0.0535 0.0013 0.0031 0.0522 0.4041 -0.32 328.1 11.0 344.7 10.0
MOO-M1-2010-49 UG C 16.7 638.0 506.0 497100 9290 336 9.2 2300 bdl 22.7 0.4 209.0 103.7 0.0564 0.0005 0.0019 0.444 0.014 0.019 0.0574 0.0017 0.0035 0.0560 0.3923 0.79 351.0 11.0 336.1 13.0
MOO-M1-2010-50 UG D 25.4 970.0 1479.0 502400 11650 701 12.0 3105 0.5 27.0 0.4 275.6 132.4 0.0518 0.0007 0.0018 0.456 0.013 0.018 0.0643 0.0016 0.0038 0.0585 1.2676 -12.89 366.4 11.0 831.3 13.0
MOO-M1-2010-51 UG C 30.3 1400.0 1300.0 484000 9910 1250 25.2 4100 1.9 49.0 1.5 374.0 196.0 0.0308 0.0020 0.0022 0.291 0.017 0.019 0.0632 0.0025 0.0042 0.0302 0.1958 1.96 191.8 14.0 181.6 15.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
HAB-M5-2012-1 B C 4.6 488.0 113.7 446400 10950 874 5.2 1378 bdl 3.1 1.2 0.2 113.7 91.1 0.0534 0.0016 0.0021 0.393 0.019 0.031 0.0538 0.0020 0.0033 0.0530 0.3427 0.83 332.7 13.0 299.2 23.0
HAB-M5-2012-2 NZ Ex 95.0 7.0 13.0 9500 189 -180 166.0 69 3.2 3.7 1.4 0.1 9.6 2.7 – – – – – – – – – – – – 0.0
HAB-M5-2012-3R R C 7.4 852.0 172.7 457100 11350 843 5.6 1697 0.1 5.4 1.9 0.3 136.2 108.0 0.0516 0.0008 0.0015 0.383 0.008 0.026 0.0538 0.0012 0.0029 0.0510 0.3012 1.31 320.4 9.4 267.3 19.0
HAB-M5-2012-3B B C 6.9 1412.0 214.4 457900 12050 1109 3.6 2263 0.1 4.1 1.1 0.1 173.5 160.1 0.0489 0.0005 0.0013 0.355 0.006 0.023 0.0529 0.0010 0.0028 0.0488 0.3407 0.28 307.2 8.2 297.7 17.0
HAB-M5-2012-4 C C 7.4 262.9 150.7 462100 9860 254 4.5 870 bdl 20.1 0.9 0.7 64.6 76.4 0.0829 0.0012 0.0024 0.678 0.028 0.051 0.0585 0.0020 0.0035 0.0824 0.6114 0.56 510.6 14.0 484.4 31.0
HAB-M5-2012-5 C C 9.4 1196.0 315.0 458200 11600 1517 5.7 3030 1.1 8.2 3.0 0.1 238.0 193.0 0.0522 0.0006 0.0014 0.385 0.007 0.025 0.0540 0.0010 0.0028 0.0523 0.3925 -0.06 328.4 8.8 336.2 19.0
HAB-M5-2012-6R R C 4.1 477.0 125.0 460500 11000 1147 6.7 2293 bdl 2.0 0.8 0.1 186.4 132.8 0.0542 0.0006 0.0015 0.389 0.010 0.027 0.0522 0.0014 0.0029 0.0541 0.3804 0.15 339.7 9.0 327.3 20.0
HAB-M5-2012-6C C D, I 466.0 2250.0 980.0 449000 12570 836 26.4 10500 71.0 530.0 960.0 11.1 1750.0 231.0 0.1300 0.0190 0.0190 8.000 1.600 1.600 0.4120 0.0300 0.0360 – – – – – 210.0
HAB-M5-2012-7 C D 11.4 565.0 194.0 459900 11060 877 6.9 1979 bdl 5.3 1.0 0.1 158.6 125.1 0.0647 0.0042 0.0045 0.582 0.063 0.073 0.0633 0.0026 0.0041 0.0625 0.3005 3.35 391.0 27.0 266.8 44.0
HAB-M5-2012-8 C D, I 14.3 972.0 489.0 467600 9800 3110 8.3 7680 bdl 4.3 6.1 0.3 705.0 316.0 0.0391 0.0005 0.0011 0.272 0.005 0.018 0.0528 0.0011 0.0028 0.0383 0.1894 2.03 242.5 6.9 176.1 15.0
HAB-M5-2012-9 C C 67.9 1268.0 2330.0 461100 9550 1277 6.9 5440 0.1 41.6 18.4 0.6 594.0 204.0 0.0514 0.0006 0.0014 0.379 0.007 0.025 0.0536 0.0010 0.0028 0.0518 0.4297 -0.81 325.4 8.6 363.0 19.0
HAB-M5-2012-10 U-BG D 24.6 644.0 745.0 456400 11030 491 5.2 1980 0.1 20.3 4.8 0.4 200.0 107.0 0.0506 0.0011 0.0017 0.360 0.012 0.026 0.0518 0.0012 0.0028 0.0490 0.1627 3.25 308.1 10.0 153.1 20.0
HAB-M5-2012-11 B C 17.1 1235.0 725.0 437100 10220 1259 13.5 3390 bdl 7.7 3.7 0.4 318.0 181.2 0.0439 0.0006 0.0013 0.317 0.009 0.022 0.0517 0.0012 0.0028 0.0443 0.3591 -0.87 279.3 7.8 311.5 17.0
HAB-M5-2012-12C.1 C D, I 11.1 4012.0 612.0 462400 13290 2239 11.8 5123 1.6 13.3 8.9 2.9 427.4 387.8 0.0330 0.0003 0.0009 0.242 0.004 0.016 0.0529 0.0008 0.0027 0.0330 0.2439 -0.09 209.3 5.6 221.6 13.0
HAB-M5-2012-12C.2 C C 8.4 765.1 314.0 465900 10880 623 5.2 1578 bdl 9.1 1.2 0.1 135.0 103.1 0.0473 0.0007 0.0014 0.357 0.009 0.024 0.0551 0.0011 0.0029 0.0474 0.3694 -0.18 298.3 8.4 319.2 18.0
HAB-M5-2012-13R R C 3.5 407.9 98.9 463500 11040 1070 8.9 2201 bdl 1.1 0.8 0.0 179.4 126.3 0.0529 0.0006 0.0014 0.415 0.015 0.030 0.0568 0.0019 0.0034 0.0526 0.3806 0.52 330.3 9.0 327.5 22.0
HAB-M5-2012-13C C C 2.6 261.7 87.3 480700 10700 735 8.0 1474 bdl 1.9 0.8 0.0 120.7 86.2 0.0510 0.0006 0.0014 0.364 0.014 0.027 0.0520 0.0020 0.0032 0.0509 0.3569 0.14 319.9 8.8 309.9 20.0
HAB-M5-2012-14R R C 3.1 268.5 92.4 466500 11070 526 6.2 1065 bdl 3.1 0.5 0.1 87.0 64.7 0.0518 0.0006 0.0014 0.426 0.016 0.032 0.0603 0.0021 0.0036 0.0513 0.3782 0.84 322.8 8.7 325.7 22.0
HAB-M5-2012-14C C D, I 138.4 4132.0 6190.0 471300 7380 1040 148.0 6194 2.4 137.0 13.1 1.4 634.0 278.6 0.0406 0.0005 0.0012 0.336 0.017 0.028 0.0601 0.0031 0.0043 0.0405 0.3234 0.26 255.8 284.5 21.0
HAB-M5-2012-15 U-BG C 7.4 668.0 273.0 466300 10820 861 5.9 1938 bdl 5.0 1.1 0.1 161.9 117.7 0.0490 0.0005 0.0013 0.361 0.010 0.025 0.0531 0.0013 0.0029 0.0491 0.3723 -0.23 308.8 8.2 321.3 19.0
HAB-M5-2012-16 R C 11.6 946.0 382.0 485600 11312 1657 5.5 4360 bdl 5.0 4.3 0.2 391.0 217.8 0.0487 0.0005 0.0013 0.395 0.008 0.026 0.0580 0.0010 0.0030 0.0484 0.3586 0.52 304.9 8.0 311.2 19.0
HAB-M5-2012-17 B C 23.1 1156.0 850.0 455300 10580 1555 6.0 4100 0.1 11.2 6.1 0.3 371.0 210.5 0.0510 0.0009 0.0016 0.373 0.010 0.026 0.0529 0.0012 0.0028 0.0515 0.4234 -0.83 323.5 9.5 358.5 19.0
HAB-M5-2012-18 R C 6.7 801.0 180.4 446900 11120 1032 11.3 2122 0.2 3.7 0.8 0.1 167.7 132.7 0.0540 0.0005 0.0015 0.427 0.009 0.029 0.0576 0.0012 0.0031 0.0536 0.3835 0.69 336.5 9.0 329.6 20.0
HAB-M5-2012-19 C D, I 10.4 4680.0 360.9 476200 15420 2390 9.6 4531 0.6 3.6 3.2 0.8 376.2 415.0 0.0404 0.0005 0.0011 0.298 0.006 0.020 0.0534 0.0009 0.0028 0.0403 0.2828 0.30 254.6 7.1 252.9 16.0
HAB-M5-2012-20B B C 4.6 381.9 151.0 444100 10270 516 10.2 1161 bdl 6.1 0.6 0.1 97.4 71.2 0.0510 0.0005 0.0014 0.374 0.009 0.026 0.0533 0.0014 0.0030 0.0509 0.3642 0.17 320.2 8.4 315.3 19.0
HAB-M5-2012-20R R C 7.1 646.0 232.3 484100 11180 1122 6.2 2774 bdl 4.7 1.5 0.2 239.4 150.4 0.0519 0.0006 0.0015 0.405 0.009 0.027 0.0565 0.0013 0.0030 0.0518 0.3984 0.09 325.6 8.9 340.5 20.0
HAB-M5-2012-21C C C 8.1 1420.0 283.0 466100 11940 981 4.4 2438 bdl 5.3 1.1 0.1 203.9 149.4 0.0476 0.0004 0.0013 0.345 0.007 0.023 0.0523 0.0010 0.0027 0.0476 0.3374 0.10 299.6 7.7 295.2 17.0
HAB-M5-2012-21R R C 5.9 538.7 172.7 470100 10977 1093 7.6 2398 bdl 3.4 1.1 0.1 195.9 134.9 0.0516 0.0004 0.0014 0.414 0.011 0.029 0.0578 0.0015 0.0032 0.0512 0.3621 0.79 321.9 8.3 313.8 20.0
HAB-M5-2012-22 C C 4.4 468.0 109.1 493600 12140 747 8.6 1594 bdl 2.4 0.6 0.0 123.9 105.1 0.0501 0.0005 0.0014 0.417 0.017 0.031 0.0600 0.0024 0.0038 0.0495 0.3326 1.35 311.2 8.3 291.6 22.0
HAB-M5-2012-23 R C 5.6 1158.0 173.2 483100 12080 1588 4.2 3318 bdl 2.3 0.8 0.1 246.3 226.7 0.0488 0.0004 0.0013 0.367 0.006 0.024 0.0547 0.0009 0.0028 0.0486 0.3488 0.32 306.0 7.9 303.8 18.0
HAB-M5-2012-24 U-C C 6.5 1460.0 206.0 461700 11230 1802 6.0 3870 bdl 1.7 1.2 0.1 322.0 233.0 0.0503 0.0005 0.0014 0.371 0.008 0.025 0.0539 0.0012 0.0029 0.0502 0.3564 0.29 315.7 8.4 309.5 18.0
HAB-M5-2012-25 R C 12.2 2697.0 512.0 473100 12620 1852 6.3 4724 0.6 8.4 3.1 0.2 356.0 338.8 0.0361 0.0003 0.0010 0.283 0.005 0.019 0.0575 0.0008 0.0029 0.0359 0.2689 0.40 227.5 5.9 241.8 15.0
HAB-M5-2012-26 R C 5.6 636.0 165.4 481000 11640 1055 5.0 2221 bdl 3.5 0.7 0.1 174.9 139.6 0.0561 0.0010 0.0017 0.428 0.015 0.031 0.0558 0.0014 0.0031 0.0561 0.4292 0.04 351.7 11.0 362.6 22.0
HAB-M5-2012-27B B C 7.0 489.0 236.0 461700 10040 984 8.7 2113 0.3 5.1 2.8 0.2 188.7 112.0 0.0511 0.0004 0.0013 0.377 0.013 0.027 0.0538 0.0017 0.0032 0.0511 0.3767 0.04 321.3 8.2 324.6 20.0
HAB-M5-2012-27C C C 5.7 916.0 175.5 478800 11510 1069 4.5 2120 0.3 4.8 1.6 0.1 175.4 137.5 0.0469 0.0012 0.0017 0.366 0.011 0.026 0.0566 0.0015 0.0032 0.0466 0.3258 0.71 293.4 10.0 286.3 19.0
HAB-M5-2012-28 U C 4.0 480.7 131.4 479800 11360 895 5.1 1878 bdl 3.1 0.6 0.1 149.7 114.5 0.0510 0.0004 0.0014 0.367 0.008 0.025 0.0531 0.0013 0.0029 0.0509 0.3632 0.17 320.3 8.3 314.6 18.0
HAB-M5-2012-29 C C 7.0 1346.0 276.0 466900 12330 1086 7.9 2717 0.1 3.8 1.4 0.2 213.1 183.9 0.0463 0.0006 0.0013 0.352 0.009 0.024 0.0553 0.0016 0.0031 0.0463 0.3566 -0.07 291.8 7.9 309.6 18.0
HAB-M5-2012-30 R D, I 30.2 3530.0 1240.0 466600 11120 2710 18.7 6810 6.4 61.4 36.4 6.6 603.0 357.0 0.0396 0.0013 0.0016 0.296 0.009 0.021 0.0557 0.0008 0.0028 0.0394 0.2756 0.60 248.9 9.9 247.2 17.0
HAB-M5-2012-31 B C 6.0 507.2 202.4 474100 10801 718 6.0 1643 bdl 6.0 0.9 0.1 134.8 94.2 0.0515 0.0004 0.0014 0.385 0.012 0.027 0.0550 0.0018 0.0032 0.0515 0.3917 -0.02 323.9 8.3 335.6 20.0
HAB-M5-2012-32 C C 7.7 1210.0 263.0 482300 12480 1394 5.3 3103 0.2 3.2 1.8 0.3 248.2 209.3 0.0473 0.0013 0.0017 0.370 0.019 0.030 0.0575 0.0020 0.0035 0.0472 0.3661 0.16 297.5 11.0 316.8 22.0
HAB-M5-2012-33 R D, I 4040.0 292.7 119.0 419200 10250 751 15.9 1520 bdl 1.9 0.9 0.1 127.0 93.1 3.2900 0.4100 0.4200 373.000 48.000 54.000 0.8370 0.0089 0.0420 6.2604 21721.1597 -90.29 12779.6 10139.7 170.0
HAB-M5-2012-34R R D 11.8 676.0 326.0 489900 9910 960 6.1 3010 0.1 15.4 10.2 3.6 335.0 129.1 0.0447 0.0016 0.0020 0.321 0.016 0.026 0.0557 0.0019 0.0033 0.0435 0.1984 2.69 274.5 12.0 183.7 20.0
HAB-M5-2012-34C C D 12.3 2620.0 359.0 460000 11950 1680 7.4 4030 0.2 4.4 4.2 0.2 350.0 281.0 0.0329 0.0005 0.0010 0.245 0.011 0.019 0.0582 0.0025 0.0038 0.0324 0.2044 1.51 205.5 188.9 15.0
HAB-M5-2012-35 C C 7.8 870.0 265.8 467800 10940 1097 5.0 2490 bdl 5.7 1.1 0.1 202.7 149.4 0.0507 0.0005 0.0014 0.365 0.007 0.024 0.0537 0.0011 0.0028 0.0508 0.3840 -0.14 319.4 8.4 329.9 18.0
HAB-M5-2012-36 C C 15.8 1352.0 711.0 454600 10770 1403 14.2 3641 0.3 8.2 5.3 0.7 342.0 190.6 0.0432 0.0005 0.0012 0.309 0.006 0.021 0.0532 0.0010 0.0028 0.0438 0.3918 -1.44 276.2 7.3 335.7 16.0
HAB-M4-2010-2 U-GM C 7.1 1238.0 222.0 529700 12660 848 8.5 2214 0.1 5.4 0.1 172.4 156.0 0.0449 0.0007 0.0021 0.363 0.016 0.029 0.0573 0.0021 0.0031 0.0444 0.2952 1.10 280.0 13.0 262.6 22.0
HAB-M4-2010-3R U-GM C 10.3 839.0 324.9 511700 11810 922 17.3 2307 bdl 7.1 0.1 176.3 133.6 0.0496 0.0007 0.0023 0.426 0.016 0.033 0.0603 0.0025 0.0035 0.0490 0.3410 1.19 308.2 14.0 297.9 24.0
HAB-M4-2010-3C U-GM C 5.9 607.0 194.0 511600 11740 1028 4.9 2303 bdl 4.3 0.1 174.9 131.2 0.0498 0.0006 0.0022 0.367 0.011 0.027 0.0515 0.0017 0.0027 0.0494 0.3143 0.65 311.1 14.0 277.5 20.0
HAB-M4-2010-4 U-GM C 3.8 364.7 96.1 426700 10160 527 24.9 1007 0.5 3.5 0.0 76.4 66.3 0.0504 0.0006 0.0022 0.447 0.029 0.042 0.0628 0.0038 0.0046 0.0495 0.3327 1.70 311.7 14.0 291.6 29.0
HAB-M4-2010-5 U-GM C 42.2 1342.0 2240.0 482800 11310 654 9.0 2920 0.3 49.1 0.7 269.0 143.5 0.0357 0.0006 0.0016 0.267 0.007 0.020 0.0532 0.0013 0.0025 0.0360 0.2907 -0.67 227.7 10.0 259.1 15.0
HAB-M4-2010-6 U-GM C 7.4 610.0 260.8 498900 11140 911 6.5 2046 bdl 7.7 0.3 171.4 104.1 0.0492 0.0008 0.0023 0.369 0.012 0.028 0.0528 0.0017 0.0027 0.0490 0.3368 0.36 308.5 14.0 294.8 21.0
HAB-M4-2010-7 U-GM C 7.8 775.0 278.0 524000 12430 1341 48.0 3240 0.1 5.1 0.3 245.3 195.9 0.0445 0.0010 0.0021 0.406 0.029 0.040 0.0637 0.0039 0.0047 0.0442 0.3505 0.76 278.7 13.0 305.1 29.0
HAB-M4-2010-8 U-GM C 5.8 657.0 158.1 510000 12090 1077 8.1 2465 bdl 2.8 0.1 183.0 147.9 0.0515 0.0012 0.0025 0.450 0.020 0.037 0.0619 0.0023 0.0035 0.0508 0.3575 1.32 319.6 15.0 310.4 26.0
HAB-M4-2010-9 U-GM C 11.5 1512.0 415.0 517900 12120 1883 5.6 5064 0.1 6.3 1.0 427.6 247.7 0.0458 0.0005 0.0020 0.343 0.008 0.025 0.0532 0.0012 0.0025 0.0456 0.3090 0.49 287.5 13.0 273.4 19.0
HAB-M4-2010-10 U-GM C 8.9 366.0 179.0 517300 9780 1094 9.7 3229 bdl 5.0 0.8 289.8 133.6 0.0755 0.0054 0.0063 0.676 0.068 0.082 0.0645 0.0029 0.0039 0.0748 0.5800 0.99 464.7 38.0 464.4 50.0
HAB-M4-2010-11 U-GM D, I 61.6 3640.0 2520.0 521000 12220 18600 8.9 49400 5.2 74.6 15.8 7710.0 714.0 0.0508 0.0012 0.0025 0.388 0.019 0.033 0.0557 0.0026 0.0034 0.0512 0.4340 -0.71 321.7 15.0 366.0 24.0
HAB-M4-2010-12R R C 8.3 865.0 272.4 492800 10870 1065 5.2 2333 bdl 5.7 0.1 180.0 129.8 0.0550 0.0005 0.0024 0.394 0.010 0.029 0.0517 0.0013 0.0025 0.0551 0.4009 -0.13 345.8 15.0 342.3 21.0
HAB-M4-2010-12C C C 8.0 420.0 298.0 502700 10820 524 5.4 1430 bdl 9.2 0.3 126.0 75.4 0.0510 0.0005 0.0023 0.366 0.014 0.028 0.0521 0.0019 0.0028 0.0513 0.4097 -0.71 322.7 14.0 348.7 21.0
HAB-M4-2010-13 U-GM C 10.0 2302.0 445.0 515000 12840 1631 6.6 4320 0.3 6.6 0.6 323.0 277.1 0.0435 0.0004 0.0019 0.327 0.013 0.026 0.0546 0.0022 0.0032 0.0436 0.3374 -0.19 274.9 12.0 295.2 19.0
HAB-M4-2010-14 C C 13.1 2752.0 498.0 530600 14580 1449 13.9 3865 2.1 23.6 2.6 287.9 284.8 0.0386 0.0003 0.0017 0.301 0.006 0.021 0.0563 0.0010 0.0025 0.0385 0.2785 0.45 243.2 11.0 249.5 17.0
HAB-M4-2010-15 R D, I 9.4 699.0 346.0 477800 10360 8740 9.5 2730 111.5 275.9 1.5 290.0 115.6 0.0563 0.0012 0.0027 0.459 0.019 0.036 0.0588 0.0019 0.0031 0.0570 0.5411 -1.24 357.3 17.0 439.2 26.0
HAB-M4-2010-16 R C 13.0 2630.0 445.7 511300 14160 1741 13.3 4472 0.7 9.1 0.8 315.3 297.6 0.0427 0.0006 0.0019 0.338 0.008 0.024 0.0569 0.0012 0.0026 0.0425 0.3090 0.50 268.2 12.0 273.4 19.0
HAB-M4-2010-17R.1 R C 1.1 97.7 29.1 511800 7119 186 11.3 658 bdl 2.4 0.5 49.6 54.9 0.0691 0.0011 0.0032 0.502 0.037 0.051 0.0519 0.0038 0.0044 0.0692 0.5082 -0.16 431.4 19.0 417.2 34.0
HAB-M4-2010-17R.2 R C 0.9 76.7 21.4 510900 6999 185 13.8 541 bdl 2.4 0.4 41.9 45.0 0.0689 0.0014 0.0033 0.515 0.039 0.053 0.0535 0.0040 0.0045 0.0686 0.4698 0.46 427.6 20.0 391.1 34.0
HAB-M4-2010-18 R C 1.8 182.8 42.3 516400 7670 196 11.5 650 bdl 3.3 0.4 43.5 63.7 0.0694 0.0012 0.0032 0.561 0.034 0.051 0.0584 0.0035 0.0043 0.0692 0.5351 0.28 431.4 19.0 435.2 33.0
HAB-M4-2010-19 U-BG C 5.1 237.0 131.6 505900 7320 198 12.8 1832 bdl 3.8 1.2 143.6 121.0 0.0677 0.0009 0.0031 0.526 0.023 0.043 0.0584 0.0026 0.0036 0.0678 0.5556 -0.13 422.7 18.0 448.7 27.0
HAB-M4-2010-20U/C U-C C 0.8 51.1 14.9 502300 7920 111 10.6 274 bdl 1.8 0.2 20.0 22.6 0.0772 0.0022 0.0040 0.788 0.061 0.081 0.0754 0.0059 0.0067 0.0761 0.6706 1.40 472.9 23.0 521.1 48.0
HAB-M4-2010-20R R C 7.4 368.4 187.0 499500 7624 221 9.4 1670 bdl 6.0 1.4 133.3 114.4 0.0678 0.0008 0.0030 0.505 0.018 0.039 0.0551 0.0018 0.0029 0.0678 0.5172 -0.02 423.1 18.0 423.3 26.0
HAB-M4-2010-21U.1 U-C C 2.0 157.0 54.3 520000 7670 168 10.4 846 bdl 3.1 0.7 60.4 69.4 0.0517 0.0010 0.0025 0.379 0.023 0.035 0.0592 0.0037 0.0044 0.0514 0.3902 0.51 323.3 15.0 334.5 26.0
HAB-M4-2010-21U.2 US C 1.5 119.8 38.3 500200 7482 162 8.4 395 bdl 2.7 0.3 29.5 32.9 0.0680 0.0010 0.0030 0.478 0.038 0.050 0.0526 0.0043 0.0048 0.0682 0.5125 -0.23 425.1 19.0 420.1 34.0
HAB-M4-2010-22U.1 U-C C 0.8 59.5 19.1 510300 7058 197 14.8 600 bdl 2.4 0.4 46.2 44.9 0.0692 0.0015 0.0033 0.564 0.066 0.077 0.0590 0.0075 0.0079 0.0692 0.5583 0.05 431.1 20.0 450.4 47.0
HAB-M4-2010-22U.2 U-C C 2.1 85.4 45.8 507300 7435 167 13.0 1157 bdl 3.1 1.2 104.2 64.5 0.0702 0.0013 0.0033 0.598 0.052 0.066 0.0644 0.0058 0.0064 0.0694 0.5254 1.14 432.5 20.0 428.8 43.0
HAB-M4-2010-23 U-GM D 1.1 58.7 24.7 555000 7850 143 15.0 615 bdl 2.5 0.6 51.8 39.6 0.0679 0.0024 0.0038 0.713 0.072 0.087 0.0755 0.0080 0.0086 0.0673 0.6394 0.81 420.2 501.9 52.0
HAB-M4-2010-24 U-BG C 1.5 74.0 39.8 511200 7960 121 10.8 734 bdl 3.9 0.8 61.6 45.4 0.0687 0.0017 0.0034 0.504 0.047 0.058 0.0548 0.0052 0.0056 0.0692 0.5791 -0.72 431.3 21.0 463.9 39.0
HAB-M4-2010-25 U-BG C 2.3 111.4 59.1 514000 7347 173 14.0 1327 bdl 3.4 1.3 118.1 78.0 0.0645 0.0012 0.0030 0.524 0.043 0.056 0.0592 0.0049 0.0055 0.0645 0.5249 0.02 402.9 18.0 428.5 38.0
HAB-M4-2010-26U/C U-C C 1.7 101.3 43.3 509900 7134 191 14.4 929 bdl 2.8 0.7 77.5 63.8 0.0636 0.0011 0.0030 0.519 0.038 0.052 0.0588 0.0045 0.0051 0.0634 0.4955 0.26 396.5 18.0 408.7 35.0
HAB-M4-2010-26R R C 3.7 197.8 93.2 514100 7480 173 10.1 1202 bdl 3.6 1.1 97.5 85.8 0.0662 0.0011 0.0031 0.495 0.027 0.043 0.0561 0.0027 0.0036 0.0661 0.5023 0.12 412.7 18.0 413.2 30.0
HAB-M4-2010-27 R C 4.5 232.2 123.4 516400 8083 141 7.8 1193 bdl 4.1 1.3 98.6 79.9 0.0669 0.0009 0.0030 0.501 0.025 0.042 0.0553 0.0028 0.0036 0.0672 0.5409 -0.38 419.0 18.0 439.0 29.0
HAB-M4-2010-28 R C 8.0 360.5 208.4 512300 8430 177 6.9 1558 bdl 5.3 1.5 127.2 109.0 0.0664 0.0007 0.0029 0.497 0.020 0.039 0.0538 0.0022 0.0032 0.0665 0.5129 -0.25 415.3 18.0 420.4 27.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
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206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
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207Pb/206Pb 
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208Pb 
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206Pb/238U 
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208Pb 
corr'd 
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%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
HAB-M4-2010-29 C C 21.3 1102.0 551.0 521100 7717 228 8.6 1521 bdl 8.4 1.4 91.5 153.6 0.0674 0.0006 0.0030 0.492 0.011 0.036 0.0538 0.0012 0.0025 0.0675 0.5103 -0.12 421.2 18.0 418.7 25.0
HAB-M4-2010-30 U-GM C 2.0 130.3 25.7 553000 7220 271 18.9 884 bdl 3.1 0.7 64.0 79.2 0.0691 0.0020 0.0036 0.742 0.083 0.097 0.0774 0.0091 0.0097 0.0669 0.4750 3.11 417.7 22.0 394.6 57.0
HAB-M4-2010-31U/C U-C C 1.1 84.0 26.0 553000 7970 169 14.3 458 bdl 2.6 0.3 35.6 36.9 0.0675 0.0016 0.0033 0.590 0.064 0.076 0.0641 0.0071 0.0076 0.0670 0.5379 0.71 418.2 20.0 437.0 49.0
HAB-M4-2010-31R R C 1.9 127.8 42.6 520200 8090 151 9.1 506 bdl 2.8 0.3 38.2 43.6 0.0684 0.0012 0.0032 0.586 0.039 0.056 0.0619 0.0040 0.0047 0.0680 0.5343 0.59 424.1 19.0 434.7 36.0
HAB-M4-2010-32 U-BG C 2.8 139.2 72.1 527000 7384 183 16.3 1513 bdl 3.6 1.4 124.1 94.5 0.0673 0.0011 0.0031 0.524 0.038 0.052 0.0561 0.0039 0.0046 0.0672 0.5106 0.12 419.4 19.0 418.8 34.0
HAB-M4-2010-33 U-BG C 3.5 140.5 85.0 527100 7050 234 18.1 1937 bdl 3.7 1.8 173.1 105.3 0.0664 0.0010 0.0030 0.548 0.034 0.051 0.0584 0.0036 0.0043 0.0660 0.4800 0.68 411.7 18.0 398.1 34.0
HAB-M4-2010-34 U-BG C 1.7 160.3 33.5 517500 6924 289 15.7 969 bdl 3.2 0.6 66.2 88.3 0.0664 0.0009 0.0030 0.580 0.038 0.055 0.0634 0.0041 0.0049 0.0657 0.4971 1.03 410.1 18.0 409.7 36.0
HAB-M4-2010-35 U-BG D 0.3 34.8 9.6 521700 7950 93 9.1 232 bdl 1.5 0.1 16.6 19.2 – – – – – – – – – – – – 0.0
HAB-M4-2010-36U/C.1 (L) U-C C 1.9 114.3 47.3 524900 7272 183 13.6 782 0.5 7.4 2.3 60.3 60.4 0.0652 0.0012 0.0031 0.563 0.044 0.058 0.0618 0.0048 0.0055 0.0648 0.5071 0.61 404.8 19.0 416.5 37.0
HAB-M4-2010-36U/C.2 (R) U-C C 0.6 42.9 14.9 531100 7708 141 12.7 326 bdl 3.4 1.0 26.5 23.4 0.0715 0.0038 0.0049 0.690 0.280 0.290 0.0730 0.0270 0.0270 0.0718 0.7518 -0.37 446.8 29.0 569.3 190.0
HAB-M4-2010-37 U-BG C 0.9 64.1 21.2 521500 7595 137 9.3 458 bdl 2.2 0.3 35.1 34.9 0.0669 0.0016 0.0033 0.496 0.053 0.063 0.0547 0.0057 0.0062 0.0667 0.4750 0.36 416.0 20.0 394.6 39.0
HAB-M4-2010-38 U-BG C 1.1 60.5 25.9 530700 8103 113 9.4 614 bdl 2.1 0.4 49.1 40.2 0.0681 0.0021 0.0036 0.476 0.081 0.087 0.0504 0.0089 0.0092 0.0674 0.3845 1.07 420.3 22.0 330.4 56.0
HAB-M4-2010-39 U-BG C 0.8 78.1 21.6 524700 7157 192 12.1 536 bdl 2.3 0.5 41.9 46.1 0.0669 0.0013 0.0032 0.495 0.046 0.057 0.0517 0.0048 0.0052 0.0670 0.4952 -0.22 418.4 19.0 408.4 38.0
HAB-M4-2010-40 U-BG C 0.9 63.1 22.9 526600 7876 129 9.2 471 bdl 2.2 0.4 37.1 34.6 0.0681 0.0020 0.0035 0.513 0.068 0.076 0.0530 0.0073 0.0076 0.0677 0.4529 0.54 422.5 21.0 379.3 52.0
Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
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206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
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208Pb 
corr'd 
207Pb/235U 
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206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
JOL-M3-2010-1 B C 12.2 1767.0 369.0 482800 12310 1465 4.3 3240 0.2 7.1 0.2 259.9 187.5 0.0478 0.0007 0.0015 0.397 0.013 0.030 0.0577 0.0016 0.0035 0.0475 0.3435 0.64 299.1 9.4 299.8 22.0
JOL-M3-2010-2B.1 B C 18.5 850.7 587.0 482800 10760 421 6.4 1366 0.7 20.5 0.1 117.6 71.9 0.0517 0.0004 0.0015 0.415 0.012 0.031 0.0564 0.0016 0.0035 0.0516 0.3827 0.31 324.1 9.3 329.0 22.0
JOL-M3-2010-2B.2 B C 22.2 846.0 726.0 477300 9960 394 5.7 1850 0.2 19.7 0.2 161.0 88.6 0.0510 0.0004 0.0015 0.407 0.010 0.030 0.0550 0.0015 0.0034 0.0507 0.3420 0.73 318.6 9.2 298.7 22.0
JOL-M3-2010-3 U-BG C 13.8 643.0 459.0 513000 10700 470 18.0 1960 bdl 16.9 0.1 160.0 89.0 0.0386 0.0004 0.0012 0.386 0.027 0.038 0.0612 0.0043 0.0054 0.0380 0.2516 1.60 240.6 7.2 227.9 28.0
JOL-M3-2010-4 C C 9.3 1398.0 329.9 507000 12890 1062 5.1 3017 bdl 6.2 0.1 235.1 168.8 0.0391 0.0006 0.0013 0.359 0.010 0.027 0.0546 0.0015 0.0033 0.0390 0.2813 0.27 246.3 8.0 251.7 20.0
JOL-M3-2010-5R R C 13.5 681.0 462.0 487400 10710 409 6.9 1386 bdl 18.0 0.1 110.7 89.9 0.0504 0.0005 0.0015 0.378 0.010 0.028 0.0533 0.0014 0.0032 0.0505 0.3814 -0.18 317.6 9.4 328.0 20.0
JOL-M3-2010-5C C D, I 18.0 3570.0 861.0 521300 14570 2900 20.0 10400 92.0 250.0 0.2 552.0 338.0 0.0424 0.0005 0.0013 0.308 0.009 0.023 0.0548 0.0012 0.0032 0.0425 0.3414 -0.42 268.5 8.0 298.2 18.0
JOL-M3-2010-6 C C 20.2 2611.0 758.0 469900 11510 1492 9.4 4658 0.4 15.6 0.4 403.0 251.9 0.0441 0.0006 0.0014 0.339 0.006 0.024 0.0542 0.0008 0.0031 0.0440 0.3213 0.16 277.6 8.6 282.9 18.0
JOL-M3-2010-7 U-BG D, I 18.0 420.0 0.3 32800 5600 1460 102000.0 2 0.1 2.5 -6.6 -8.0 3.3 – – – – – – – – – – 0.0 – 0.0
JOL-M3-2010-8 B C 61.5 7500.0 2350.0 473000 12760 1189 9.1 6030 0.6 33.0 0.0 503.0 292.5 0.0435 0.0003 0.0013 0.329 0.005 0.023 0.0537 0.0007 0.0030 0.0434 0.3116 0.20 273.9 7.9 275.4 18.0
JOL-M3-2010-9C C C 3.5 348.8 111.7 486500 11570 631 5.8 1279 bdl 2.5 0.1 116.2 58.4 0.0541 0.0008 0.0017 0.403 0.019 0.034 0.0529 0.0024 0.0037 0.0541 0.3994 -0.08 339.8 11.0 341.2 24.0
JOL-M3-2010-9B B D, I 7.5 886.0 265.0 511800 12070 742 4.2 1733 20.3 68.9 0.1 142.7 108.3 0.0531 0.0007 0.0017 0.378 0.013 0.029 0.0527 0.0017 0.0033 0.0533 0.4111 -0.39 334.9 10.0 349.7 22.0
JOL-M3-2010-10 R C 61.8 11080.0 2421.0 490900 13780 1223 5.7 8208 0.3 35.8 0.0 641.0 400.7 0.0415 0.0003 0.0012 0.300 0.003 0.021 0.0539 0.0004 0.0030 0.0414 0.2961 0.24 261.4 7.6 263.4 16.0
JOL-M3-2010-11 C C 15.2 4979.0 530.0 514900 15940 1261 5.2 4403 0.2 17.5 0.0 325.5 265.7 0.0439 0.0003 0.0013 0.328 0.005 0.023 0.0560 0.0007 0.0031 0.0438 0.3260 0.25 276.3 8.0 286.5 18.0
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MCL-M5-2012-1B B C 12.7 883.9 453.6 463900 10760 253 5.3 1101 bdl 15.4 2.1 0.1 99.8 61.8 0.0490 0.0003 0.0017 0.356 0.008 0.013 0.0533 0.0011 0.0024 0.0490 0.3606 -0.01 308.5 10.0 312.7 10.0
MCL-M5-2012-1R R D, I 428.3 467.4 460.2 447 441 414 452.9 465 442.4 454.9 432.5 450.9 441.0 443.7 0.2299 0.0022 0.0080 28.490 0.320 0.930 0.9034 0.0050 0.0370 – – – 42.0 – 31.0
MCL-M5-2012-2 C C 2.2 104.4 58.2 468600 10020 144 4.0 899 bdl 3.2 0.5 0.5 72.3 60.3 0.0655 0.0008 0.0023 0.499 0.023 0.028 0.0555 0.0026 0.0035 0.0655 0.4986 0.04 409.0 14.0 410.7 19.0
MCL-M5-2012-3 U-C C 5.1 199.2 133.5 469300 6742 287 17.2 2634 bdl 4.2 4.0 2.3 241.7 149.0 0.0672 0.0007 0.0023 0.500 0.019 0.024 0.0536 0.0019 0.0029 0.0672 0.4977 -0.01 419.4 14.0 410.2 16.0
MCL-M5-2012-4 R C 9.7 1234.0 287.5 460300 11680 997 5.9 1983 0.1 6.3 3.0 1.7 180.5 134.1 0.0468 0.0012 0.0020 0.350 0.011 0.015 0.0550 0.0010 0.0024 0.0464 0.3088 0.81 292.5 12.0 273.3 12.0
MCL-M5-2012-5 B C 6.4 812.0 218.1 465500 11223 578 4.7 1422 bdl 6.5 0.8 0.6 113.9 88.5 0.0471 0.0006 0.0017 0.340 0.008 0.013 0.0525 0.0010 0.0024 0.0469 0.3239 0.30 295.8 10.0 284.9 10.0
MCL-M5-2012-6 B C 3.2 344.2 104.2 479500 11240 840 6.7 1798 bdl 2.2 0.8 0.1 143.0 103.7 0.0506 0.0004 0.0017 0.371 0.013 0.017 0.0529 0.0020 0.0029 0.0504 0.3475 0.35 317.1 11.0 302.9 13.0
MCL-M5-2012-7 B C 8.8 522.6 294.9 464900 9553 762 7.8 1600 2.1 17.5 4.3 0.3 136.5 87.8 0.0517 0.0004 0.0018 0.386 0.010 0.015 0.0544 0.0013 0.0026 0.0516 0.3847 0.04 324.6 11.0 330.5 12.0
MCL-M5-2012-8 C C 12.1 1000.0 525.0 484100 11180 907 9.2 2640 bdl 8.4 3.1 2.3 257.0 137.9 0.0435 0.0012 0.0019 0.333 0.013 0.016 0.0548 0.0015 0.0027 0.0437 0.3493 -0.39 275.5 12.0 304.2 12.0
MCL-M5-2012-9 C D, I 41.0 1078.0 2080.0 488400 10743 2900 11.4 8000 0.3 16.0 41.0 44.9 1307.0 184.3 0.0472 0.0039 0.0042 0.970 0.500 0.510 0.1540 0.0560 0.0570 0.0516 1.5391 -9.42 324.6 25.0 946.2 140.0
MCL-M5-2012-10 C C 34.2 1666.0 1273.0 456900 9840 436 9.0 1851 bdl 33.2 3.6 0.2 175.0 99.7 0.0455 0.0004 0.0016 0.337 0.006 0.012 0.0535 0.0009 0.0024 0.0453 0.3217 0.25 285.9 9.7 283.2 8.9
MCL-M5-2012-11 B D, I 430.1 468.1 460.9 451 442 412 452.8 466 441.9 456.2 431.8 449.0 439.0 442.9 0.2322 0.0024 0.0081 29.160 0.330 0.960 0.9050 0.0047 0.0370 – – – 43.0 – 32.0
MCL-M5-2012-12 C C 2.6 126.6 70.5 477100 9117 264 7.5 1041 bdl 5.0 1.0 0.6 84.3 65.6 0.0670 0.0008 0.0024 0.502 0.023 0.028 0.0540 0.0026 0.0034 0.0671 0.5129 -0.17 418.6 14.0 420.4 19.0
MCL-M5-2012-13C C C 1.0 134.9 28.7 472700 6942 224 11.1 689 bdl 2.7 1.0 0.6 50.9 66.5 0.0667 0.0008 0.0024 0.487 0.024 0.028 0.0524 0.0026 0.0033 0.0668 0.4938 -0.14 417.0 14.0 407.5 19.0
MCL-M5-2012-13R R C 6.5 690.0 212.6 467700 10790 1033 5.4 2151 bdl 4.6 0.8 0.1 173.1 128.9 0.0522 0.0004 0.0018 0.388 0.009 0.015 0.0535 0.0013 0.0025 0.0521 0.3806 0.07 327.7 11.0 327.5 11.0
MCL-M5-2012-14 C D 17.1 774.0 719.0 446800 10584 716 21.6 1977 bdl 9.4 4.4 1.9 197.4 111.8 0.0366 0.0003 0.0013 0.302 0.007 0.012 0.0593 0.0013 0.0028 0.0356 0.1881 2.52 225.7 7.8 175.0 8.9
MCL-M5-2012-15 C C 9.7 809.0 310.0 460600 11158 1445 5.6 2872 0.1 6.0 4.2 2.2 297.0 142.8 0.0514 0.0005 0.0018 0.377 0.009 0.015 0.0539 0.0012 0.0025 0.0512 0.3559 0.42 321.9 11.0 309.2 11.0
MCL-M5-2012-16 R C 20.3 2338.0 1236.0 461200 11269 1636 14.2 4364 0.3 11.6 9.1 6.5 434.8 227.7 0.0352 0.0006 0.0013 0.259 0.005 0.010 0.0535 0.0008 0.0023 0.0358 0.3320 -1.70 226.8 8.3 291.1 7.8
MCL-M5-2012-17 C C 19.1 415.9 669.6 467800 8524 374 9.4 1541 bdl 27.7 3.2 0.7 146.3 73.9 0.0473 0.0004 0.0016 0.343 0.011 0.016 0.0520 0.0017 0.0027 0.0467 0.2691 1.22 294.3 9.9 242.0 12.0
MCL-M5-2012-18 U-C C 18.4 1188.0 690.0 444800 10080 706 7.9 2321 bdl 24.3 2.9 1.4 216.7 117.5 0.0460 0.0004 0.0016 0.338 0.007 0.012 0.0534 0.0010 0.0024 0.0460 0.3358 0.04 289.6 9.8 294.0 9.4
MCL-M5-2012-19 R C 7.6 489.2 260.7 464500 10740 209 25.9 600 bdl 12.2 0.9 0.1 55.2 40.4 0.0434 0.0007 0.0016 0.421 0.037 0.040 0.0678 0.0046 0.0053 0.0429 0.3457 1.15 270.9 10.0 301.5 26.0
MCL-M5-2012-20 U-C D, I 425.8 465.5 461.0 447 443 412 460.8 468 445.5 457.7 433.8 447.3 440.9 443.4 0.2316 0.0026 0.0082 29.200 0.350 0.970 0.9045 0.0050 0.0370 – – – 43.0 – 32.0
MCL-M5-2012-21 B C 8.1 244.8 211.6 479500 8595 396 10.3 3609 bdl 7.6 5.2 2.5 334.2 176.9 0.0666 0.0006 0.0023 0.516 0.017 0.023 0.0552 0.0018 0.0029 0.0664 0.4830 0.29 414.2 14.0 400.1 16.0
MCL-M5-2012-22 B C 4.0 187.9 100.5 480600 7421 150 9.8 1269 bdl 3.8 3.1 1.3 107.7 83.6 0.0666 0.0007 0.0023 0.522 0.020 0.026 0.0570 0.0024 0.0033 0.0664 0.4999 0.29 414.7 14.0 411.6 17.0
MCL-M5-2012-23 R D 48.8 1127.0 1716.0 464600 10053 790 10.8 3035 bdl 56.7 7.3 1.6 319.0 135.0 0.0455 0.0004 0.0016 0.342 0.007 0.013 0.0543 0.0010 0.0024 0.0444 0.2077 2.42 280.1 9.7 191.6 9.8
MCL-M5-2012-25 U-C D, I 12.3 747.0 773.0 428000 9690 5200 3.9 12200 0.4 11.0 71.0 92.0 2310.0 187.0 0.0468 0.0010 0.0018 0.357 0.017 0.020 0.0538 0.0023 0.0032 0.0498 0.7104 -6.42 313.5 11.0 545.0 15.0
MCL-M5-2012-26C C C 5.5 1095.0 187.3 474900 11900 1484 12.7 3274 bdl 1.9 1.0 0.2 262.6 208.8 0.0498 0.0004 0.0017 0.365 0.007 0.013 0.0526 0.0011 0.0024 0.0498 0.3580 0.06 313.3 11.0 310.7 9.9
MCL-M5-2012-26R R C 11.3 1379.0 400.6 454900 11211 1019 5.6 2342 bdl 7.5 5.1 8.7 198.3 139.3 0.0449 0.0003 0.0015 0.337 0.006 0.012 0.0539 0.0009 0.0024 0.0447 0.3153 0.34 282.1 9.4 278.2 8.8
MCL-M5-2012-27 C C 8.1 396.0 259.0 457400 9798 1517 12.2 3011 bdl 3.7 6.2 0.6 299.0 138.3 0.0531 0.0005 0.0019 0.385 0.012 0.017 0.0516 0.0015 0.0026 0.0531 0.3788 -0.02 333.4 11.0 326.2 13.0
MCL-M5-2012-28 C D, I 23.0 1765.0 883.5 493100 11540 552 5.6 1668 26.7 91.0 35.1 0.2 149.6 94.8 0.0457 0.0003 0.0016 0.350 0.009 0.014 0.0544 0.0014 0.0026 0.0457 0.3390 0.07 288.0 9.7 296.4 10.0
MCL-M5-2012-29 C D, I 429.2 466.2 458.2 455 438 415 453.2 465 443.6 455.4 434.3 452.0 442.0 441.5 0.2313 0.0023 0.0081 29.280 0.350 0.970 0.9072 0.0052 0.0370 – – – 42.0 – 32.0
MCL-M5-2012-30 C C 5.3 172.5 141.5 485000 8167 367 10.8 3115 bdl 7.3 5.4 2.5 303.2 147.6 0.0660 0.0007 0.0023 0.504 0.018 0.024 0.0541 0.0021 0.0030 0.0659 0.4789 0.17 411.3 14.0 397.3 16.0
MCL-M5-2012-31 R D, I 15.9 1.4 0.3 68 2 258 195900.0 21 6.2 22.3 16.2 4.2 3.9 0.3 – – – – – – – – – – 0.0 – 0.0
MCL-M5-2012-32 U-C C 25.9 547.0 877.0 478800 11077 596 8.3 1723 bdl 18.3 3.3 0.2 164.0 82.9 0.0509 0.0003 0.0017 0.376 0.011 0.016 0.0530 0.0015 0.0026 0.0507 0.3506 0.35 319.0 11.0 305.2 11.0
MCL-M5-2012-33 U-C D, I 20.0 6190.0 1212.0 410300 13990 6150 85.3 13590 3.0 45.4 110.2 99.3 1694.0 699.0 0.0290 0.0009 0.0014 0.218 0.008 0.011 0.0543 0.0012 0.0025 0.0291 0.2213 -0.11 184.6 8.5 203.0 8.9
MCL-M5-2012-34 C C 4.7 395.7 152.6 485400 10630 701 7.0 1403 bdl 5.0 0.6 0.1 118.0 81.1 0.0518 0.0005 0.0018 0.389 0.013 0.018 0.0537 0.0020 0.0030 0.0517 0.3644 0.31 324.7 11.0 315.5 13.0
MCL-M5-2012-35 R C 0.6 63.7 43.3 473200 8800 120 6.5 350 bdl 6.3 1.5 0.8 28.0 33.5 0.0266 0.0006 0.0011 0.166 0.014 0.015 0.0463 0.0044 0.0048 0.0266 0.1785 -0.28 169.5 6.8 166.8 14.0
MCL-M5-2012-36C C C 7.9 421.2 267.0 462800 10130 943 5.7 2157 bdl 8.4 2.3 0.2 191.9 123.7 0.0514 0.0005 0.0018 0.373 0.012 0.016 0.0520 0.0018 0.0028 0.0514 0.3700 -0.02 323.2 11.0 319.6 12.0
MCL-M5-2012-36R R D, I 61.5 1970.0 3230.0 459000 8766 3910 21.6 4140 1.2 52.2 34.6 14.2 482.0 185.2 0.0366 0.0005 0.0013 0.286 0.006 0.011 0.0556 0.0010 0.0025 0.0377 0.4027 -2.77 238.3 8.1 343.6 8.3
MCL-M5-2012-37 UG D 11.3 907.0 517.0 490200 11410 1251 12.4 2860 bdl 7.4 6.1 6.0 297.0 145.1 0.0367 0.0005 0.0010 0.310 0.011 0.023 0.0641 0.0022 0.0038 0.0371 0.3736 -1.11 235.1 6.5 322.3 18.0
MCL-M5-2012-38 R C 9.3 1230.0 321.0 462600 11470 1588 4.9 2480 5.9 20.8 13.8 1.5 216.0 142.9 0.0495 0.0009 0.0015 0.350 0.010 0.025 0.0536 0.0015 0.0030 0.0497 0.3946 -0.48 312.9 9.4 337.7 18.0
MCL-M5-2012-39 C C 10.3 1096.0 658.0 507700 12070 1064 15.0 2979 bdl 7.0 5.0 4.8 303.0 161.4 0.0269 0.0004 0.0008 0.203 0.006 0.014 0.0589 0.0016 0.0033 0.0273 0.2704 -1.62 173.7 4.8 243.0 12.0
MCL-M5-2012-40 R C 14.5 2359.0 960.0 501200 13110 1619 20.8 5100 0.4 17.4 36.2 2.8 498.0 200.3 0.0300 0.0006 0.0010 0.227 0.006 0.016 0.0563 0.0009 0.0029 0.0304 0.2884 -1.55 193.3 6.0 257.3 13.0
MCL-M5-2012-41 R D, I 16.4 3364.0 960.0 468700 11980 2156 19.5 5421 0.7 18.1 19.4 16.8 537.1 302.2 0.0317 0.0003 0.0008 0.232 0.004 0.015 0.0545 0.0009 0.0028 0.0320 0.2674 -0.76 202.9 5.3 240.6 13.0
MCL-M5-2012-42 R D 12.8 605.0 493.0 495000 9830 808 29.2 2550 bdl 9.6 4.8 1.6 243.0 128.6 0.0496 0.0012 0.0018 0.408 0.018 0.032 0.0618 0.0029 0.0042 0.0507 0.5601 -2.29 319.0 11.0 451.6 23.0
MCL-M5-2012-43 B C 4.9 436.0 162.0 465200 11020 573 3.9 1230 0.3 6.3 1.0 0.1 101.3 73.0 0.0516 0.0007 0.0015 0.368 0.013 0.027 0.0536 0.0018 0.0032 0.0518 0.4080 -0.43 325.4 8.9 347.4 19.0
MCL-M5-2012-44 R D 9.9 838.0 392.0 504500 12780 856 6.7 2128 bdl 4.0 1.7 1.2 176.0 140.2 0.0445 0.0006 0.0013 0.395 0.011 0.028 0.0656 0.0017 0.0036 0.0448 0.4427 -0.75 282.7 7.9 372.2 20.0
MCL-M5-2012-45R R C 5.5 446.1 168.6 476700 10780 1151 9.0 2526 bdl 2.1 1.5 0.1 214.5 133.8 0.0517 0.0005 0.0014 0.386 0.010 0.027 0.0552 0.0015 0.0031 0.0517 0.3923 0.01 324.7 8.5 336.1 20.0
MCL-M5-2012-45C C C 17.9 1837.0 870.0 475100 12120 1683 10.0 4084 0.2 7.9 11.3 6.8 402.5 220.2 0.0436 0.0006 0.0013 0.318 0.005 0.021 0.0543 0.0007 0.0028 0.0443 0.4152 -1.69 279.5 7.8 352.6 16.0
MCL-M5-2012-46 R D 9.7 258.9 344.4 497900 9330 404 14.8 1576 bdl 16.2 5.2 0.6 161.9 65.6 0.0439 0.0006 0.0012 0.345 0.013 0.025 0.0582 0.0023 0.0037 0.0428 0.2242 2.42 270.2 7.7 205.4 19.0
MCL-M5-2012-47 R C 7.6 778.0 666.0 486500 11630 1813 22.2 4630 bdl 2.5 20.3 22.5 676.0 171.9 0.0313 0.0004 0.0009 0.242 0.012 0.019 0.0561 0.0027 0.0039 0.0331 0.4577 -5.75 209.7 5.6 382.6 16.0
MCL-M5-2012-48 B C 8.3 1271.0 247.4 471200 11900 887 4.9 1845 0.1 6.2 2.5 1.2 161.6 128.2 0.0454 0.0014 0.0018 0.334 0.013 0.025 0.0536 0.0010 0.0028 0.0450 0.2882 0.86 283.8 11.0 257.1 19.0
MCL-M5-2012-49R R C 10.6 2018.0 541.0 471200 13220 1054 7.1 2591 0.2 7.1 5.1 3.2 246.0 162.4 0.0397 0.0007 0.0012 0.294 0.008 0.020 0.0535 0.0008 0.0027 0.0399 0.3192 -0.56 252.1 7.5 281.3 16.0
MCL-M5-2012-49B B C 20.8 5195.0 1197.0 479300 13960 1835 22.5 5677 0.4 18.2 21.2 21.5 522.0 323.4 0.0297 0.0003 0.0008 0.217 0.003 0.014 0.0527 0.0007 0.0027 0.0296 0.2118 0.11 188.3 5.0 195.0 12.0
MCL-M5-2012-50 R C 7.4 501.0 255.8 483900 10575 687 5.6 1584 bdl 8.5 1.1 0.1 135.9 87.3 0.0509 0.0007 0.0014 0.367 0.009 0.025 0.0521 0.0015 0.0029 0.0509 0.3586 0.12 319.7 8.8 311.2 19.0
MCL-M5-2012-51 B D, I 12.6 3442.0 942.0 486200 14240 4400 36.0 11170 2.4 34.9 59.3 44.4 1580.0 458.0 0.0276 0.0003 0.0008 0.202 0.006 0.014 0.0530 0.0012 0.0029 0.0278 0.2266 -0.75 176.8 4.8 207.4 12.0
MCL-M3-2010-1 R C 7.4 813.0 233.0 481700 11510 1081 3.9 2190 bdl 4.5 0.6 174.4 131.0 0.0522 0.0005 0.0016 0.408 0.013 0.031 0.0526 0.0017 0.0033 0.0521 0.3743 0.06 327.6 9.6 322.8 22.0
MCL-M3-2010-2 R C 4.0 279.0 134.9 492200 10830 491 4.9 1082 bdl 6.1 0.1 85.5 64.0 0.0516 0.0005 0.0016 0.389 0.014 0.030 0.0533 0.0022 0.0036 0.0516 0.3815 -0.04 324.3 9.6 328.2 22.0
MCL-M3-2010-3 U-C C 6.2 957.0 279.0 468000 12560 1058 9.8 2320 0.2 2.2 1.6 188.0 152.0 0.0465 0.0006 0.0015 0.351 0.011 0.027 0.0556 0.0017 0.0035 0.0468 0.3961 -0.70 295.1 9.1 338.8 20.0
MCL-M3-2010-4C C D, I 16.7 2189.0 745.0 490200 12210 2090 13.7 4820 1.0 9.8 7.2 445.0 268.4 0.0371 0.0006 0.0012 0.275 0.006 0.020 0.0529 0.0010 0.0030 0.0369 0.2523 0.41 233.7 7.4 228.4 16.0
MCL-M3-2010-4R R C 6.0 603.0 200.3 487900 11440 845 5.1 1782 bdl 4.9 0.1 141.0 105.7 0.0525 0.0004 0.0016 0.391 0.017 0.032 0.0529 0.0020 0.0035 0.0525 0.3853 -0.03 330.1 9.5 330.9 23.0
MCL-M3-2010-5R R C 4.2 410.0 154.2 455000 11320 463 10.2 904 0.1 4.1 0.6 76.0 62.0 0.0474 0.0007 0.0015 0.372 0.021 0.033 0.0533 0.0033 0.0044 0.0476 0.3692 -0.36 299.5 9.4 319.0 26.0
MCL-M3-2010-5C C D, I 46.7 748.0 2620.0 488200 9290 2830 9.7 4520 bdl 6.0 21.6 647.0 139.1 0.0328 0.0024 0.0026 0.279 0.021 0.028 0.0514 0.0018 0.0033 0.0187 42.87 119.7 16.0 21.0
MCL-M3-2010-6 C C 3.9 515.1 163.0 491800 11910 899 4.3 1777 bdl 2.3 0.2 134.3 116.1 0.0501 0.0004 0.0015 0.384 0.013 0.029 0.0541 0.0016 0.0033 0.0506 0.4306 -0.94 318.0 9.1 363.6 22.0
MCL-M3-2010-7 C C 19.5 725.0 1440.0 480800 11340 1610 7.3 4190 0.2 14.3 16.5 583.0 120.6 0.0418 0.0006 0.0013 0.325 0.011 0.025 0.0540 0.0018 0.0035 0.0497 1.2671 -19.01 312.6 8.1 831.1 19.0
MCL-M3-2010-8 R D, I 13.3 3936.0 573.0 477600 14680 2258 22.6 4611 1.5 19.9 8.9 413.0 344.2 0.0376 0.0003 0.0011 0.293 0.005 0.021 0.0539 0.0010 0.0031 0.0376 0.2748 0.10 237.7 6.8 246.5 16.0
MCL-M3-2010-9 B C 8.3 559.0 273.1 497200 10860 684 7.0 1520 bdl 8.5 0.0 125.2 84.7 0.0542 0.0007 0.0017 0.409 0.016 0.033 0.0539 0.0023 0.0037 0.0545 0.4329 -0.45 341.9 10.0 365.2 25.0
MCL-M3-2010-10 U-C C 5.4 464.0 185.0 508600 11790 1149 8.5 2510 bdl 2.8 0.1 192.1 140.7 0.0522 0.0005 0.0016 0.380 0.015 0.030 0.0548 0.0023 0.0037 0.0521 0.3809 0.21 327.2 9.6 327.7 22.0
MCL-M3-2010-11 U-BG D, I 17.8 3360.0 1162.0 519200 13110 3250 29.9 8650 0.3 8.2 19.0 825.0 448.0 0.0321 0.0005 0.0010 0.228 0.007 0.017 0.0550 0.0009 0.0031 0.0323 0.2712 -0.73 204.8 6.5 243.7 14.0
MCL-M3-2010-12B.1 B C 13.0 1245.0 698.0 506500 11580 1470 8.9 3790 bdl 6.3 2.4 333.0 192.6 0.0435 0.0008 0.0015 0.312 0.010 0.024 0.0536 0.0016 0.0033 0.0446 0.4566 -2.58 281.4 9.0 381.9 19.0
MCL-M3-2010-12B.2 B C 10.7 1095.0 607.0 515000 12080 1256 8.3 2818 bdl 4.6 1.6 246.5 163.8 0.0445 0.0005 0.0014 0.322 0.014 0.026 0.0527 0.0021 0.0036 0.0458 0.4818 -2.96 288.5 8.4 399.3 20.0
MCL-M3-2010-13R R C 8.1 1179.0 264.0 520700 13700 1019 4.5 2227 bdl 2.2 0.1 176.4 160.9 0.0463 0.0004 0.0014 0.315 0.011 0.024 0.0526 0.0019 0.0034 0.0458 0.2808 0.98 288.9 8.5 251.3 19.0
MCL-M3-2010-13C C C 25.1 2690.0 1176.0 513300 12980 1619 19.4 4750 0.8 29.5 4.2 429.0 251.7 0.0402 0.0009 0.0014 0.283 0.007 0.021 0.0532 0.0009 0.0030 0.0404 0.3189 -0.50 255.3 8.9 281.1 16.0
MCL-M3-2010-14 B C 7.5 944.0 256.5 521400 12390 776 3.8 1959 bdl 6.0 0.0 151.5 118.1 0.0520 0.0005 0.0015 0.373 0.009 0.027 0.0533 0.0013 0.0032 0.0520 0.3880 -0.10 326.9 9.5 332.9 20.0
MCL-M3-2010-15B B C 13.2 900.0 483.0 516100 11580 958 6.2 2636 0.2 9.5 0.2 221.4 138.3 0.0528 0.0006 0.0016 0.372 0.012 0.028 0.0532 0.0015 0.0032 0.0532 0.4267 -0.61 333.9 9.8 360.9 21.0
MCL-M3-2010-15C C D, I 17.2 1413.0 952.0 522400 11950 5400 10.0 3680 58.0 155.0 2.8 351.0 182.5 0.0413 0.0008 0.0014 0.305 0.007 0.022 0.0545 0.0012 0.0032 0.0425 0.4497 -2.79 268.2 8.8 377.1 17.0
MCL-M3-2010-16 C D, I 20.8 3106.0 1216.0 492600 13010 2860 16.9 5540 2.5 20.0 14.5 578.0 280.2 0.0368 0.0005 0.0012 0.292 0.009 0.022 0.0575 0.0016 0.0035 0.0373 0.3474 -1.26 235.9 7.2 302.8 17.0
MCL-M3-2010-17C C C 22.2 728.0 807.0 475700 9980 414 29.4 2280 0.7 20.3 0.7 219.0 101.9 0.0509 0.0006 0.0016 0.361 0.013 0.028 0.0534 0.0018 0.0034 0.0512 0.4156 -0.67 321.9 9.6 352.9 20.0
MCL-M3-2010-17R R C 8.2 1427.0 282.1 509900 12680 1329 18.1 3156 bdl 3.8 0.0 228.0 199.8 0.0505 0.0003 0.0015 0.369 0.009 0.027 0.0538 0.0012 0.0032 0.0505 0.3725 0.04 317.5 9.1 321.5 20.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
MCL-M3-2010-18 C C 35.4 1350.0 1432.0 474000 11650 638 5.5 3209 bdl 29.9 1.7 302.4 158.9 0.0447 0.0004 0.0013 0.315 0.010 0.024 0.0539 0.0015 0.0033 0.0447 0.3324 0.00 282.0 8.3 291.4 18.0
MCL-M3-2010-19 C C 5.0 540.0 163.2 526800 12030 701 4.4 1541 bdl 4.4 0.0 123.5 94.0 0.0519 0.0007 0.0016 0.381 0.014 0.030 0.0550 0.0023 0.0038 0.0518 0.3853 0.13 325.8 9.9 330.9 22.0
MCL-M3-2010-20 C D, I 42.4 1144.0 1389.0 460500 9380 2429 44.4 6660 1.4 14.8 0.4 635.0 254.1 0.0537 0.0004 0.0016 0.398 0.009 0.029 0.0546 0.0013 0.0032 0.0537 0.4003 0.06 337.2 9.7 341.8 21.0
MCL-M3-2010-21 C C 4.0 335.0 112.0 513700 11130 1185 8.2 2181 bdl 1.6 0.2 180.9 120.9 0.0506 0.0008 0.0016 0.361 0.021 0.032 0.0502 0.0028 0.0039 0.0502 0.3017 0.79 315.7 10.0 267.7 23.0
MCL-M3-2010-22 C C 7.7 1119.0 296.0 510200 12680 1154 5.0 2454 bdl 3.8 2.5 212.3 157.8 0.0489 0.0006 0.0015 0.364 0.011 0.028 0.0538 0.0015 0.0033 0.0490 0.3779 -0.25 308.6 9.3 325.5 20.0
MCL-M3-2010-23 C C 19.0 548.0 675.0 494600 8180 450 45.8 1921 0.1 25.5 0.7 177.5 96.3 0.0503 0.0005 0.0015 0.368 0.017 0.031 0.0538 0.0026 0.0039 0.0506 0.4120 -0.64 318.2 9.4 350.3 23.0
MCL-M3-2010-24 C C 21.4 584.0 704.0 435100 6880 482 28.4 3930 1.7 12.7 1.5 391.0 147.1 0.0528 0.0007 0.0017 0.412 0.022 0.036 0.0582 0.0032 0.0045 0.0524 0.3791 0.69 329.2 10.0 326.4 26.0
MCL-M3-2010-25 U-C D, I 19.0 813.0 761.0 532600 9280 3150 4.5 7760 0.3 20.0 33.2 1100.0 175.2 0.0474 0.0005 0.0014 0.342 0.013 0.027 0.0533 0.0018 0.0034 0.0479 0.3985 -0.87 301.3 8.8 340.5 20.0
MCL-M3-2010-26 C C 25.2 948.0 910.0 506600 10203 1120 10.8 3480 bdl 14.8 0.5 317.0 164.8 0.0503 0.0005 0.0015 0.359 0.012 0.028 0.0528 0.0017 0.0033 0.0505 0.3803 -0.23 317.3 9.3 327.2 21.0
MCL-M3-2010-27 C D, I 23.2 914.0 594.0 480300 8980 1561 37.7 2293 264.0 741.0 0.4 210.5 120.6 0.0563 0.0036 0.0039 0.617 0.065 0.078 0.0781 0.0041 0.0059 0.0549 0.4365 2.49 344.5 24.0 367.8 47.0
MCL-M3-2010-28 C D 10.1 359.2 344.4 514200 9605 771 9.1 2058 bdl 12.4 0.4 185.3 95.7 0.0523 0.0007 0.0016 0.379 0.021 0.034 0.0518 0.0029 0.0040 0.0522 0.3626 0.17 327.8 10.0 314.1 25.0
MCL-M3-2010-29 C C 4.2 352.0 159.3 562100 12160 577 6.2 1276 bdl 5.6 0.3 103.4 74.2 0.0483 0.0011 0.0017 0.322 0.019 0.029 0.0520 0.0034 0.0044 0.0483 0.3500 -0.06 304.3 11.0 304.7 25.0
MCL-M3-2010-30 C D, I 30.7 3740.0 871.0 471000 12000 2120 5.4 6260 0.2 12.2 0.5 505.0 331.0 0.0396 0.0040 0.0042 0.432 0.096 0.100 0.0576 0.0019 0.0037 0.0391 0.2556 1.24 247.3 25.0 231.1 57.0
MCL-M3-2010-31 C C 15.0 2339.0 661.0 500000 12430 1813 15.9 3738 2.9 17.6 13.0 328.6 219.9 0.0384 0.0004 0.0012 0.285 0.007 0.021 0.0546 0.0013 0.0033 0.0383 0.2812 0.17 242.6 7.2 251.6 17.0
MCL-M3-2010-32 C C 12.8 530.0 403.0 496000 10620 952 18.4 2530 bdl 5.5 0.1 225.0 116.0 0.0530 0.0007 0.0017 0.398 0.016 0.032 0.0569 0.0020 0.0037 0.0519 0.2909 1.94 326.3 10.0 259.3 24.0
MCL-M3-2010-33 B C 8.1 1714.0 266.9 513700 14290 1192 3.9 2751 bdl 5.1 0.2 214.3 176.1 0.0474 0.0004 0.0014 0.345 0.009 0.025 0.0543 0.0013 0.0032 0.0472 0.3399 0.26 297.5 8.6 297.1 20.0
MCL-M3-2010-34 C C 54.1 1858.0 2199.0 488100 8920 1469 15.0 5920 0.2 39.3 2.8 562.0 259.5 0.0446 0.0005 0.0014 0.322 0.009 0.024 0.0531 0.0012 0.0031 0.0450 0.3757 -0.91 284.0 8.3 323.8 18.0
MCL-M3-2010-35 R C 4.4 471.3 149.0 531100 12100 733 4.3 1536 bdl 4.0 0.0 117.8 93.3 0.0517 0.0006 0.0016 0.376 0.019 0.032 0.0549 0.0027 0.0040 0.0518 0.3932 -0.02 325.3 9.8 336.7 24.0
MCL-M3-2010-36 U-C C 7.9 651.0 1210.0 530000 12810 644 9.4 1417 bdl 2.9 1.6 123.0 93.3 0.0365 0.0014 0.0017 0.261 0.018 0.025 0.0539 0.0025 0.0039 0.0461 1.4282 -26.37 290.7 11.0 900.8 21.0
MCL-M3-2010-37 C D 11.5 145.9 66.5 520200 9940 203 16.0 446 bdl 13.9 0.2 39.8 26.8 0.3250 0.0090 0.0130 6.560 0.270 0.530 0.1504 0.0029 0.0087 0.3252 6.7612 -0.05 1814.9 62.0 2080.7 73.0
MCL-M3-2010-38 R C 5.4 650.2 184.5 524700 12330 799 4.7 1804 bdl 4.1 0.0 135.8 110.8 0.0504 0.0005 0.0015 0.367 0.012 0.028 0.0533 0.0016 0.0033 0.0503 0.3625 0.13 316.5 9.3 314.1 21.0
MCL-M3-2010-39 C C 21.6 769.0 739.0 515400 10610 746 7.2 1959 0.7 23.6 1.3 183.0 99.1 0.0486 0.0004 0.0014 0.342 0.013 0.027 0.0519 0.0018 0.0033 0.0483 0.3152 0.55 304.0 8.9 278.2 20.0
MCL-M3-2010-40 R D 9.4 589.0 300.0 518700 11250 1117 6.2 2580 bdl 6.4 0.2 229.0 117.4 0.0529 0.0006 0.0016 0.386 0.016 0.031 0.0546 0.0018 0.0035 0.0526 0.3582 0.63 330.4 9.8 310.8 23.0
MCL-M3-2010-41 B C 11.6 933.0 445.4 510300 11210 924 7.4 2312 bdl 8.4 1.0 203.2 127.4 0.0491 0.0005 0.0015 0.353 0.012 0.027 0.0535 0.0017 0.0034 0.0493 0.3940 -0.54 310.3 9.1 337.3 21.0
MCL-M3-2010-42B B C 11.6 871.0 342.0 514200 12560 886 3.0 2079 bdl 10.5 0.2 160.2 136.1 0.0512 0.0006 0.0016 0.376 0.013 0.029 0.0535 0.0017 0.0033 0.0506 0.3027 1.21 318.1 9.6 268.5 21.0
MCL-M3-2010-42C C D, I 97.6 2150.0 4660.0 487000 8210 2360 14.7 8740 0.2 79.5 13.5 1000.0 257.0 0.0388 0.0008 0.0013 0.292 0.011 0.023 0.0558 0.0015 0.0034 0.0403 0.4758 -3.80 254.5 8.3 395.2 18.0
MCL-M3-2010-43 U-BG C 5.3 305.9 180.0 528000 8560 429 4.8 2090 bdl 12.6 0.3 185.0 116.4 0.0520 0.0007 0.0016 0.365 0.021 0.033 0.0509 0.0025 0.0037 0.0517 0.3297 0.56 325.1 10.0 289.4 24.0
MCL-M3-2010-44C C C 11.2 984.0 407.0 541500 12140 918 4.2 2421 bdl 8.3 0.3 197.8 139.2 0.0491 0.0005 0.0015 0.359 0.012 0.027 0.0537 0.0014 0.0032 0.0491 0.3719 -0.15 309.2 9.1 321.1 20.0
MCL-M3-2010-44R R C 9.0 1334.0 355.6 529300 12590 1328 6.0 3212 bdl 4.9 0.2 240.9 191.2 0.0441 0.0004 0.0013 0.330 0.008 0.024 0.0543 0.0013 0.0032 0.0441 0.3279 0.04 278.0 8.1 288.0 18.0
MCL-M3-2010-45R R C 8.1 945.0 298.0 543300 12800 771 4.7 1874 bdl 6.6 0.6 147.6 115.1 0.0482 0.0005 0.0015 0.353 0.011 0.027 0.0532 0.0017 0.0034 0.0484 0.3683 -0.25 304.4 9.0 318.4 20.0
MCL-M3-2010-45C C D, I 64.0 6490.0 2600.0 522200 14440 2860 51.9 6730 4.7 45.3 52.7 734.0 329.1 0.0273 0.0004 0.0009 0.350 0.049 0.054 0.0930 0.0120 0.0130 0.0263 0.2393 3.38 167.5 5.5 217.9 38.0
MCL-M3-2010-46 C C 19.9 921.0 685.0 532700 11460 724 4.7 2558 bdl 22.9 0.2 217.5 131.5 0.0506 0.0004 0.0015 0.375 0.010 0.028 0.0540 0.0016 0.0033 0.0506 0.3791 -0.04 318.4 9.2 326.4 21.0
MCL-M3-2010-47 C C 3.6 429.9 264.0 542300 12020 1463 11.1 3225 bdl 1.2 0.8 275.8 156.3 0.0434 0.0007 0.0014 0.318 0.015 0.027 0.0542 0.0028 0.0041 0.0454 0.5658 -4.62 286.1 8.9 455.3 21.0
MCL-M3-2010-48R R C 20.0 1049.0 825.0 506100 10360 1261 13.7 3475 0.1 11.1 3.3 308.4 167.0 0.0434 0.0007 0.0014 0.320 0.009 0.024 0.0534 0.0016 0.0033 0.0436 0.3360 -0.31 274.8 8.6 294.1 18.0
MCL-M3-2010-48B B C 12.5 1770.0 533.0 506500 11650 1782 10.0 3870 0.3 7.8 5.0 303.0 234.0 0.0399 0.0006 0.0013 0.288 0.010 0.022 0.0523 0.0014 0.0032 0.0397 0.2741 0.28 251.3 7.8 246.0 18.0
MCL-M3-2010-49 R C 5.5 755.0 192.0 542700 12350 1339 6.1 2982 bdl 3.2 0.1 228.1 172.8 0.0495 0.0007 0.0016 0.350 0.014 0.028 0.0503 0.0018 0.0033 0.0495 0.3471 -0.07 311.5 9.6 302.5 21.0
MCL-M3-2010-50 C D 45.4 3060.0 2620.0 453400 10470 1790 49.9 5810 2.2 41.7 14.1 658.0 217.7 0.0348 0.0009 0.0014 0.282 0.012 0.023 0.0571 0.0018 0.0036 0.0352 0.3289 -1.32 223.2 8.4 288.8 18.0
MCL-M3-2010-51 C D, I 43.4 683.0 1518.0 505000 8760 846 280.0 5460 0.2 28.1 6.9 594.0 177.3 0.0510 0.0005 0.0015 0.425 0.019 0.035 0.0597 0.0025 0.0041 0.0516 0.4909 -1.16 324.0 9.4 405.5 25.0
MCL-M3-2010-52B B C 20.5 2219.0 953.0 532700 12010 1810 9.7 4840 1.0 13.3 2.7 403.0 238.8 0.0393 0.0008 0.0014 0.284 0.006 0.021 0.0523 0.0012 0.0031 0.0395 0.3005 -0.36 249.5 8.4 266.8 16.0
MCL-M3-2010-52R R C 13.9 2433.0 863.0 524600 12440 1271 7.6 3440 0.1 9.9 8.7 279.0 186.9 0.0340 0.0006 0.0011 0.248 0.009 0.019 0.0532 0.0013 0.0032 0.0342 0.2764 -0.66 216.9 7.1 247.8 16.0
MCL-M3-2010-53 C C 5.2 574.0 186.0 560300 13010 657 4.4 1624 bdl 3.2 0.2 131.8 101.7 0.0502 0.0009 0.0017 0.347 0.017 0.029 0.0522 0.0029 0.0041 0.0503 0.3720 -0.17 316.5 10.0 321.1 22.0
MCL-M3-2010-54 B C 6.0 372.0 182.0 546100 11890 700 6.9 1721 bdl 4.0 2.2 166.0 88.6 0.0511 0.0007 0.0016 0.448 0.025 0.040 0.0643 0.0037 0.0051 0.0506 0.3920 0.98 318.0 9.8 335.9 27.0
MCL-M3-2010-55 R C 5.6 242.0 189.0 552000 11390 1017 16.8 2281 bdl 2.8 0.1 204.6 103.4 0.0502 0.0012 0.0019 0.390 0.043 0.050 0.0602 0.0061 0.0069 0.0499 0.3850 0.52 314.1 12.0 330.7 37.0
MCL-M3-2010-56 R C 8.2 596.0 193.0 541600 12030 693 14.2 1610 bdl 5.1 0.3 149.6 90.1 0.0532 0.0007 0.0017 0.430 0.017 0.034 0.0587 0.0024 0.0040 0.0523 0.3182 1.74 328.5 10.0 280.5 24.0
MCL-M3-2010-57 R C 14.1 672.0 482.0 549300 11740 936 7.4 2691 bdl 11.2 0.5 235.1 139.5 0.0494 0.0005 0.0015 0.354 0.016 0.029 0.0518 0.0021 0.0035 0.0493 0.3367 0.27 310.2 9.2 294.7 21.0
MCL-M3-2010-58 B C 12.0 905.0 401.2 526000 11360 1007 4.7 2448 0.4 11.8 0.2 201.4 135.4 0.0524 0.0005 0.0016 0.392 0.016 0.031 0.0522 0.0022 0.0036 0.0525 0.3910 -0.22 329.9 9.5 335.1 23.0
MCL-M3-2010-59 B C 3.9 455.8 128.5 521800 11550 848 7.2 1744 bdl 3.6 0.1 134.5 103.2 0.0519 0.0006 0.0016 0.376 0.020 0.033 0.0521 0.0027 0.0039 0.0519 0.3692 0.06 326.1 9.9 319.1 23.0
MCL-M3-2010-60 R C 4.8 597.5 170.2 560000 12330 1076 5.8 2306 bdl 3.7 0.1 184.2 139.2 0.0483 0.0004 0.0014 0.351 0.013 0.028 0.0521 0.0019 0.0034 0.0482 0.3421 0.08 303.8 8.8 298.7 21.0
MCL-M3-2010-61 B D 41.0 1016.0 653.0 503200 10710 1229 18.6 2670 0.8 12.0 1.1 232.7 135.0 0.0525 0.0030 0.0034 0.810 0.320 0.330 0.0870 0.0190 0.0200 0.0490 0.2065 6.66 308.4 20.0 190.6 83.0
MCL-M3-2010-62 B D 25.2 4080.0 2290.0 529900 12840 1870 16.7 4840 2.4 20.8 12.1 545.0 255.0 0.0268 0.0006 0.0010 0.232 0.005 0.017 0.0544 0.0012 0.0032 0.0277 0.3042 -3.21 176.1 5.9 269.6 14.0
MCL-M3-2010-63 C C 9.1 453.0 289.0 488000 9670 1012 24.0 2950 bdl 3.7 0.6 285.0 136.4 0.0495 0.0007 0.0016 0.408 0.021 0.035 0.0608 0.0026 0.0042 0.0491 0.3762 0.64 309.2 9.6 324.3 24.0
MCL-M3-2010-64 B C 21.0 1984.0 927.0 548700 12600 1277 9.4 4190 bdl 21.3 9.4 460.0 159.2 0.0441 0.0009 0.0015 0.316 0.008 0.023 0.0521 0.0012 0.0031 0.0443 0.3472 -0.57 279.7 9.5 302.6 18.0
MCL-M3-2010-65 R D 9.0 322.9 221.2 500900 9720 503 9.4 1087 bdl 8.6 0.3 96.6 58.2 0.0525 0.0008 0.0017 0.391 0.023 0.035 0.0531 0.0033 0.0044 0.0509 0.1911 3.04 320.1 10.0 177.6 26.0
MCL-M3-2010-66 U-C C 13.4 2930.0 540.0 536300 13660 1466 5.9 4580 bdl 9.4 5.0 348.0 267.0 0.0337 0.0009 0.0013 0.292 0.010 0.022 0.0529 0.0012 0.0031 0.0336 0.2303 0.38 212.8 8.0 210.4 17.0
MCL-M3-2010-67 C C 35.2 959.0 1350.0 526500 9720 1309 27.3 4490 bdl 23.2 1.9 407.0 185.3 0.0480 0.0006 0.0015 0.354 0.013 0.028 0.0530 0.0018 0.0034 0.0488 0.4512 -1.74 307.2 9.2 378.1 20.0
MCL-M3-2010-68 B D, I 27.6 4010.0 1762.0 515500 11810 3790 23.3 5980 16.2 58.0 26.5 555.0 294.4 0.0287 0.0004 0.0009 0.207 0.005 0.015 0.0520 0.0009 0.0030 0.0288 0.2193 -0.40 182.9 5.7 201.3 13.0
MCL-M3-2010-69 C C 6.8 697.0 234.0 535600 12260 1375 7.5 2870 1.1 5.9 0.2 241.0 145.2 0.0505 0.0007 0.0016 0.372 0.015 0.030 0.0535 0.0017 0.0034 0.0505 0.3755 -0.05 317.5 9.7 323.7 22.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
CBM1-M4-2012-1 C C 2.3 677.0 85.5 489700 10330 858 8.9 1163 bdl 1.0 2.6 0.3 128.1 53.4 0.0462 0.0006 0.0011 0.338 0.011 0.018 0.0518 0.0016 0.0020 0.0461 0.3267 0.05 290.8 6.6 287.1 14.0
CBM1-M4-2012-2 C D, I 25.4 2188.0 438.0 405800 11750 1289 44.5 3010 26.3 220.0 322.0 18.3 383.0 151.4 0.0525 0.0004 0.0011 0.578 0.032 0.040 0.0801 0.0048 0.0052 0.0510 0.3967 2.88 320.8 6.7 339.3 25.0
CBM1-M4-2012-3C C D, I 7.4 303.0 111.7 437500 8390 298 38.6 1189 198.0 436.0 236.0 13.6 186.1 37.5 0.0569 0.0015 0.0018 0.955 0.060 0.072 0.1192 0.0056 0.0063 0.0535 0.5274 5.91 336.2 11.0 430.1 39.0
CBM1-M4-2012-3B B D, I 6.1 10230.0 76.6 472300 17720 2370 11.6 3860 5.5 48.0 70.0 4.2 343.0 309.0 0.0446 0.0007 0.0011 0.338 0.006 0.016 0.0544 0.0007 0.0015 0.0445 0.3204 0.26 280.6 6.9 282.2 12.0
CBM1-M4-2012-4 R D, I 3.8 6770.0 85.9 415100 15590 1910 29.0 3025 53.5 220.0 241.0 21.4 331.0 213.0 0.0488 0.0005 0.0011 0.359 0.005 0.016 0.0530 0.0005 0.0014 0.0487 0.3498 0.11 306.8 6.5 304.6 12.0
CBM1-M4-2012-5 R C 4.9 4350.0 153.5 501700 15930 1458 15.8 2829 7.9 69.6 89.6 9.2 245.2 210.5 0.0446 0.0006 0.0010 0.345 0.009 0.017 0.0555 0.0010 0.0017 0.0446 0.3345 0.13 281.2 6.4 293.0 14.0
CBM1-M4-2012-6 C C 7.9 890.0 79.3 465000 12310 456 6.3 1070 5.1 20.9 8.3 0.3 93.8 73.2 0.1060 0.0130 0.0130 1.100 0.170 0.180 0.0684 0.0030 0.0034 0.1051 0.8883 0.85 644.2 76.0 645.4 83.0
CBM1-M4-2012-7 R C 3.5 1540.0 107.7 477800 10780 881 19.8 1410 2.2 20.4 35.4 1.9 147.4 78.1 0.0467 0.0008 0.0012 0.368 0.009 0.018 0.0566 0.0012 0.0018 0.0465 0.3501 0.25 293.2 7.4 304.8 13.0
CBM1-M4-2012-8C C D, I 11.3 790.0 324.0 463200 10370 1087 7.8 1798 10.6 57.5 57.9 3.5 169.9 116.9 0.0685 0.0007 0.0015 0.545 0.009 0.025 0.0576 0.0010 0.0017 0.0690 0.5984 -0.64 430.0 9.0 476.2 16.0
CBM1-M4-2012-8R R D, I 8.7 3692.0 181.0 438700 13190 1018 11.7 1689 14.4 120.3 140.1 17.9 176.9 98.0 0.0514 0.0006 0.0011 0.386 0.007 0.018 0.0544 0.0008 0.0015 0.0511 0.3529 0.53 321.4 7.0 306.9 13.0
CBM1-M4-2012-9 B D 4.4 774.0 49.3 455700 11790 335 19.3 670 3.8 26.9 50.1 3.4 75.6 43.5 0.0884 0.0008 0.0019 0.867 0.014 0.039 0.0716 0.0010 0.0021 0.0877 0.7907 0.75 542.0 11.0 591.5 21.0
CBM1-M4-2012-10 C D 8.2 953.0 233.0 440400 12030 663 20.0 1450 4.0 39.5 50.7 3.3 158.0 72.3 0.0527 0.0009 0.0014 0.441 0.012 0.022 0.0605 0.0012 0.0019 0.0516 0.3051 2.11 324.4 8.5 270.4 15.0
CBM1-M4-2012-11C C D, I 6.6 1871.0 185.0 473900 13690 1059 83.0 3090 26.1 214.0 300.0 22.3 429.0 126.6 0.0435 0.0014 0.0016 0.394 0.010 0.019 0.0649 0.0024 0.0029 0.0431 0.3465 0.82 272.3 9.9 302.1 14.0
CBM1-M4-2012-11R R D, I 2.8 7940.0 56.6 457600 17480 2280 82.0 3340 5.3 38.9 48.0 2.9 283.0 292.0 0.0457 0.0008 0.0012 0.345 0.006 0.016 0.0535 0.0008 0.0015 0.0457 0.3320 0.10 287.9 7.5 291.1 12.0
CBM1-M4-2012-12R R C 4.2 1215.0 81.1 466900 11280 698 5.8 1347 1.8 12.1 9.4 0.7 133.8 80.3 0.1001 0.0077 0.0080 1.100 0.120 0.130 0.0744 0.0027 0.0032 0.1001 1.0297 -0.02 615.1 46.0 718.8 61.0
CBM1-M4-2012-12B B C 3.6 2075.0 82.9 486400 11790 1290 8.7 2332 2.5 14.0 13.3 1.0 215.5 136.3 0.0478 0.0008 0.0012 0.380 0.013 0.021 0.0563 0.0014 0.0020 0.0476 0.3498 0.36 299.7 7.5 304.6 15.0
CBM1-M4-2012-13C C D, I 6.1 3680.0 45.3 457700 14930 1107 7.3 1796 10.2 48.0 68.0 3.8 173.0 128.0 0.0465 0.0005 0.0011 0.381 0.018 0.024 0.0581 0.0024 0.0028 0.0461 0.3276 0.80 290.5 6.5 287.7 17.0
CBM1-M4-2012-13R R D, I 19.9 8060.0 67.7 454600 17580 2190 51.3 4260 43.5 253.8 309.8 11.9 445.0 317.0 0.0362 0.0006 0.0009 0.335 0.008 0.016 0.0663 0.0015 0.0023 0.0355 0.2533 1.78 225.2 5.6 229.3 13.0
CBM1-M4-2012-14 C D 29.6 527.0 560.0 475000 10150 510 10.6 1927 bdl 62.9 6.5 1.8 204.5 87.3 0.0849 0.0022 0.0028 0.700 0.034 0.045 0.0586 0.0021 0.0026 0.0829 0.4359 2.40 513.2 17.0 367.4 27.0
CBM1-M4-2012-15 B D, I 11.8 1976.0 184.0 454600 11300 1186 37.5 2650 31.9 115.0 96.0 12.6 284.0 171.0 0.0522 0.0009 0.0013 0.490 0.016 0.026 0.0673 0.0016 0.0023 0.0513 0.3728 1.77 322.5 8.1 321.7 18.0
CBM1-M4-2012-16 C C 7.3 3028.0 184.0 475200 13160 1271 9.7 2340 3.6 31.5 54.0 2.9 276.9 88.5 0.0451 0.0006 0.0011 0.359 0.013 0.020 0.0565 0.0025 0.0029 0.0447 0.3075 0.81 282.2 6.5 272.3 15.0
CBM1-M4-2012-17 B D, I 6.7 2310.0 111.1 483000 11830 1526 81.0 3491 29.6 227.5 388.0 16.9 437.0 142.3 0.0352 0.0009 0.0011 0.322 0.017 0.022 0.0653 0.0035 0.0038 0.0347 0.2519 1.54 219.6 7.0 228.1 17.0
CBM1-M4-2012-18 C D 123.8 1233.0 877.0 440800 9710 651 21.8 3430 2.3 40.8 27.5 2.2 348.0 149.0 0.2176 0.0061 0.0075 2.835 0.074 0.140 0.0929 0.0008 0.0024 0.2129 2.1781 2.14 1244.5 40.0 1174.1 41.0
CBM1-M4-2012-19 C C 7.9 412.0 70.5 477300 11340 408 9.1 794 0.6 18.7 0.9 0.2 65.1 57.1 0.1350 0.0130 0.0130 1.600 0.200 0.210 0.0798 0.0035 0.0040 0.1332 1.2615 1.32 806.2 73.0 828.6 86.0
CBM1-M4-2012-20 R C 4.4 1756.0 62.7 465300 12880 1995 6.0 3669 0.2 1.5 1.3 0.2 316.7 238.1 0.0568 0.0006 0.0013 0.469 0.015 0.025 0.0589 0.0022 0.0026 0.0564 0.4127 0.70 353.6 7.7 350.8 17.0
CBM1-M4-2012-21 U - no CL D, I 495.0 2059.0 244.0 150 6 11890000 12.0 151200 20500.0 69400.0 54400.0 365.0 30400.0 1304.0 – – – – – – – – – – 0.0 – 0.0
CBM1-M4-2012-22 R D 8.9 230.4 60.2 470600 10340 361 10.6 818 bdl 15.5 0.8 0.2 67.4 60.3 0.1774 0.0039 0.0052 2.350 0.072 0.120 0.0955 0.0015 0.0028 0.1740 1.9019 1.91 1034.2 28.0 1081.7 36.0
CBM1-M4-2012-23 C C 5.1 174.0 81.0 464800 9960 307 8.1 1429 0.9 24.1 16.8 2.9 146.6 69.4 0.0818 0.0044 0.0047 0.829 0.071 0.079 0.0724 0.0035 0.0040 0.0796 0.5453 2.70 493.7 28.0 441.9 47.0
CBM1-M4-2012-24R R C 3.0 1860.0 51.2 434100 11740 945 15.8 1321 0.8 6.1 9.7 0.9 121.5 91.4 0.0534 0.0011 0.0015 0.421 0.021 0.028 0.0554 0.0016 0.0021 0.0532 0.3828 0.39 334.1 9.1 329.1 19.0
CBM1-M4-2012-24C C C 12.5 244.8 95.7 472500 9820 331 7.1 941 bdl 9.0 1.3 0.2 85.6 51.5 0.2210 0.0070 0.0082 2.660 0.110 0.160 0.0855 0.0014 0.0025 0.2200 2.4802 0.43 1282.1 44.0 1266.3 46.0
CBM1-M2-2012-1 U - no CL (M)Ex 4.7 2190.0 138.8 481800 11760 1402 191.0 2806 6.0 39.2 64.6 3.8 291.0 146.6 0.0451 0.0006 0.0016 0.350 0.012 0.016 0.0563 0.0014 0.0027 0.0449 0.3295 0.38 283.3 10.0 289.2 12.0
CBM1-M2-2012-3 US C 15.1 400.0 7.7 34000 650 1210 67.0 210 1.8 5.0 6.6 3.6 18.0 11.2 0.0780 0.0160 0.0160 0.670 0.220 0.220 0.0600 0.0110 0.0110 0.0774 0.5767 0.72 480.8 97.0 462.3 130.0
CBM1-M2-2012-4 U - no CL D, I 32.0 374.0 2.7 82000 1700 200 300.0 380 -0.3 -0.4 0.4 -0.8 19.0 26.0 – – – – – – – – – – 0.0 – 0.0
CBM1-M2-2012-5C C C 22.0 1048.2 668.0 460700 10434 437 17.1 4704 0.8 47.5 6.5 1.7 504.8 195.0 0.0577 0.0005 0.0020 0.423 0.007 0.015 0.0531 0.0009 0.0023 0.0575 0.3984 0.35 360.3 12.0 340.5 11.0
CBM1-M2-2012-5R R C 2.5 48.3 21.4 475600 9369 243 18.3 518 bdl 10.1 0.8 0.2 46.1 33.7 0.2140 0.0033 0.0079 2.483 0.088 0.120 0.0851 0.0027 0.0044 0.2133 2.4245 0.31 1246.6 42.0 1249.9 34.0
CBM1-M2-2012-6R R (M) Ex 17.9 4230.0 321.0 458200 15810 1165 416.0 4940 60.9 524.0 886.0 48.7 812.0 155.9 0.0375 0.0005 0.0014 0.367 0.047 0.049 0.0700 0.0082 0.0087 0.0362 0.2114 3.33 229.3 8.4 194.7 34.0
CBM1-M2-2012-6C C D, I 16.3 244.2 97.1 452500 9690 1200 11.0 1110 374.0 803.0 485.0 22.5 134.0 54.9 0.2275 0.0025 0.0080 3.010 0.120 0.150 0.0969 0.0034 0.0052 0.2226 2.3903 2.17 1295.4 42.0 1239.7 39.0
CBM1-M2-2012-7 C D, I 10.1 7930.0 63.2 476000 19470 1757 15.4 2794 11.4 70.5 71.5 7.9 237.4 252.8 0.0453 0.0003 0.0016 0.361 0.006 0.012 0.0570 0.0009 0.0025 0.0449 0.3178 0.70 283.4 9.6 280.2 9.3
CBM1-M2-2012-8 C C 53.6 570.7 361.9 468300 9930 522 4.9 3959 bdl 26.2 4.9 2.4 405.5 171.1 0.2679 0.0036 0.0097 3.535 0.052 0.120 0.0961 0.0007 0.0040 0.2663 3.3320 0.61 1521.8 50.0 1488.6 27.0
CBM1-M2-2012-9 C C 7.1 189.9 68.7 466900 10470 762 9.0 1634 bdl 3.2 1.9 0.1 152.4 81.3 0.1885 0.0015 0.0065 2.003 0.037 0.072 0.0774 0.0014 0.0035 0.1882 1.9708 0.17 1111.5 35.0 1105.6 24.0
CBM1-M2-2012-10 C D, I 429.4 466.3 458.4 451 435 417 450.0 466 442.1 455.5 429.9 447.7 438.5 442.5 0.2377 0.0025 0.0084 29.810 0.360 0.990 0.9121 0.0050 0.0370 – – – 43.0 – 33.0
CBM1-M2-2012-11 U - no CL C 1.5 145.3 42.5 484600 7131 209 12.1 797 bdl 3.2 1.0 0.5 58.1 67.5 0.0656 0.0007 0.0023 0.498 0.020 0.025 0.0553 0.0021 0.0031 0.0655 0.4954 0.06 409.1 14.0 408.6 18.0
CBM1-M2-2012-12 C C 4.8 161.4 126.7 475300 8484 315 9.3 2634 bdl 5.8 4.3 2.1 245.7 127.3 0.0678 0.0006 0.0024 0.510 0.017 0.023 0.0545 0.0018 0.0029 0.0677 0.5014 0.10 422.5 14.0 412.7 16.0
CBM1-M2-2012-13 B D 0.8 2.1 -0.1 -2 -2 -1800 -14.0 -1 -0.2 15.0 0.1 -0.4 -0.4 -0.2 – – – – – – – – – – 0.0 – 0.0
CBM1-M2-2012-14C C D 32.6 431.0 175.8 468300 10414 295 16.2 934 3.8 73.8 36.6 3.4 96.7 51.6 0.1316 0.0067 0.0080 2.144 0.073 0.099 0.1187 0.0027 0.0055 0.1178 0.4232 10.47 718.0 45.0 358.4 30.0
CBM1-M2-2012-14R R C 22.7 833.0 522.0 458300 8056 289 7.8 1334 1.1 18.9 19.8 1.8 109.2 106.1 0.0728 0.0005 0.0025 0.640 0.010 0.022 0.0637 0.0011 0.0028 0.0720 0.5477 1.03 448.2 15.0 443.5 14.0
CBM1-M2-2012-15 C C 20.6 255.2 138.2 465500 9920 310 15.3 989 bdl 49.4 1.7 0.3 82.3 70.4 0.2718 0.0019 0.0093 3.733 0.038 0.120 0.0995 0.0012 0.0042 0.2704 3.5397 0.52 1542.8 48.0 1536.1 26.0
CBM1-M2-2012-16 C D 37.6 669.0 433.3 478100 10610 307 18.6 991 6.0 83.5 9.3 1.6 101.4 50.2 0.1337 0.0019 0.0049 1.419 0.021 0.048 0.0768 0.0012 0.0033 0.1305 1.0118 2.40 790.6 28.0 709.8 20.0
CBM1-M2-2012-17 C D 3.7 234.0 27.3 450300 9070 276 24.9 559 1.7 25.3 21.1 2.0 56.9 32.1 0.0924 0.0020 0.0037 0.882 0.037 0.046 0.0710 0.0027 0.0039 0.0899 0.5972 2.70 555.0 21.0 475.4 24.0
CBM1-M2-2012-18 R C 5.4 301.1 59.0 498100 11470 331 5.8 903 bdl 6.2 1.1 0.1 79.5 54.1 0.1685 0.0023 0.0061 1.804 0.032 0.064 0.0773 0.0017 0.0036 0.1683 1.7643 0.15 1002.5 34.0 1032.4 23.0
CBM1-M2-2012-20R R (M) Ex 425.3 468.5 459.5 451 438 412 459.0 465 443.9 455.9 434.2 449.7 439.4 439.5 0.2335 0.0028 0.0083 29.190 0.380 0.980 0.9107 0.0053 0.0370 – – – 44.0 – 33.0
CBM1-M2-2012-22C C D 10.9 666.0 80.1 456400 10696 528 8.7 874 2.1 35.0 21.0 1.9 84.4 50.3 0.0763 0.0008 0.0027 0.783 0.013 0.027 0.0754 0.0012 0.0033 0.0731 0.4061 4.14 454.8 16.0 346.0 16.0
CBM1-M2-2012-23 U - no CL (M)D, I 123.0 660.0 46.0 8700 238 1500 40.0 201 18.0 107.0 172.0 13.6 51.0 2.4 – – – – – – – – – – 0.0 – 0.0
CBM1-M2-2012-26 B C 10.3 1478.0 70.5 457400 12061 852 18.8 1391 1.3 7.3 13.0 0.7 133.6 78.1 0.0451 0.0005 0.0016 0.483 0.018 0.023 0.0792 0.0024 0.0040 0.0435 0.2974 3.58 274.3 9.8 264.4 16.0
CBM1-M2-2012-27 B (M) D, I 425.4 463.9 456.8 444 432 418 452.3 456 438.0 451.6 430.4 444.8 436.5 435.2 0.2332 0.0027 0.0083 28.990 0.390 0.970 0.9109 0.0051 0.0370 – – – 43.0 – 33.0
CBM1-M2-2012-28 C C 3.3 145.5 90.3 478900 6832 257 16.1 2057 bdl 4.0 4.0 2.3 200.1 112.7 0.0662 0.0007 0.0023 0.506 0.017 0.023 0.0564 0.0020 0.0030 0.0661 0.5012 0.17 412.7 14.0 412.5 16.0
CBM1-M2-2012-29 C C 8.2 246.8 212.9 470200 8547 370 9.1 3337 bdl 7.1 5.3 2.4 307.9 168.6 0.0668 0.0006 0.0023 0.498 0.013 0.020 0.0553 0.0014 0.0027 0.0662 0.4426 0.82 413.3 14.0 372.1 14.0
CBM1-M2-2012-30 C D, I 30.0 998.0 160.0 455000 10160 1357 61.0 2455 66.4 240.0 183.2 11.2 299.2 102.1 0.1177 0.0032 0.0051 2.549 0.084 0.120 0.1585 0.0021 0.0068 0.1120 1.8648 4.81 684.5 29.0 1068.7 33.0
CBM1-M2-2012-31B B D, I 17.6 1931.0 161.3 473900 12780 620 8.9 1212 37.6 120.0 68.7 1.5 107.1 77.6 0.0690 0.0010 0.0025 0.701 0.011 0.024 0.0744 0.0015 0.0034 0.0672 0.4910 2.58 419.4 15.0 405.6 15.0
CBM1-M2-2012-31R R D 7.6 892.0 67.7 448700 12110 329 10.6 639 7.6 48.2 42.6 0.8 55.2 48.5 0.1277 0.0028 0.0051 1.444 0.048 0.065 0.0831 0.0010 0.0035 0.1268 1.3452 0.74 769.3 29.0 865.5 27.0
CBM1-M2-2012-32B B D 15.7 712.0 258.4 469100 9826 514 6.2 1468 4.3 35.3 10.4 2.2 130.0 95.8 0.0767 0.0012 0.0028 0.624 0.018 0.027 0.0603 0.0012 0.0027 0.0748 0.4039 2.49 465.0 17.0 344.5 17.0
CBM1-M2-2012-32C C D, I 13.8 1213.0 142.3 456700 11510 1093 31.1 2260 31.0 135.7 143.4 9.6 261.2 123.5 0.0781 0.0008 0.0027 0.835 0.016 0.030 0.0783 0.0013 0.0034 0.0762 0.6119 2.42 473.4 16.0 484.8 17.0
CBM1-M2-2012-33 B C 9.7 4227.0 161.4 489800 14100 1456 6.3 2736 2.1 14.0 15.7 1.5 234.1 201.5 0.0444 0.0003 0.0015 0.350 0.004 0.012 0.0581 0.0008 0.0025 0.0440 0.3087 0.88 277.9 9.4 273.2 8.7
CBM1-M4-2012-40 C C 3.0 2182.0 100.7 469600 12043 1132 9.5 1727 0.5 4.3 7.2 0.6 171.1 93.8 0.0475 0.0003 0.0016 0.349 0.007 0.013 0.0528 0.0009 0.0023 0.0475 0.3416 0.07 299.1 10.0 298.4 9.2
CBM1-M4-2012-42 C D, I 431.5 464.2 463.8 453 442 422 455.3 466 444.0 456.7 435.2 453.2 440.8 445.8 0.2302 0.0023 0.0081 29.630 0.340 0.970 0.9100 0.0050 0.0370 – – – 42.0 – 32.0
CBM1-M2-2010-1 C C 2.7 303.8 63.6 487000 13230 939 6.4 1847 3.0 31.0 3.5 152.6 117.4 0.0593 0.0007 0.0016 0.478 0.018 0.026 0.0598 0.0021 0.0031 0.0591 0.4571 0.45 370.0 9.5 382.2 18.0
CBM1-M2-2010-2 C D, I 96.2 15680.0 153.0 423400 23090 2750 16.3 4810 71.2 278.0 15.6 493.0 237.1 0.0465 0.0008 0.0014 0.462 0.012 0.021 0.0788 0.0007 0.0031 0.0450 0.3256 3.20 283.6 8.5 286.2 15.0
CBM1-M2-2010-3 C D 13.9 520.0 752.0 387700 7980 460 10.0 2480 2.0 33.8 1.5 251.0 119.6 0.0517 0.0007 0.0014 0.456 0.018 0.025 0.0620 0.0025 0.0034 0.0581 1.2090 -12.25 363.8 8.6 804.7 18.0
CBM1-M2-2010-4 C D 22.4 1386.0 1110.0 466000 9860 665 21.5 3332 6.2 54.6 3.0 296.6 209.5 0.0416 0.0021 0.0023 0.437 0.021 0.027 0.0645 0.0025 0.0035 0.0428 0.5091 -2.78 269.9 14.0 417.8 19.0
CBM1-M2-2010-5 C C 15.9 1876.0 592.0 472200 9600 108 2.7 884 1.1 86.3 2.3 89.3 53.5 0.0480 0.0004 0.0012 0.337 0.008 0.015 0.0512 0.0009 0.0021 0.0482 0.3632 -0.41 303.7 7.3 314.6 12.0
CBM1-M2-2010-6 C D, I 2.4 6710.0 56.4 472000 17650 986 14.9 2409 17.6 140.0 17.6 192.0 252.3 0.0448 0.0009 0.0014 0.304 0.007 0.013 0.0524 0.0008 0.0021 0.0448 0.3195 0.08 282.4 8.4 281.5 11.0
CBM1-M2-2010-7 C C 12.4 1468.0 359.0 469100 11540 1200 85.0 2870 7.7 62.8 5.3 275.0 145.2 0.0481 0.0018 0.0021 0.395 0.017 0.023 0.0621 0.0029 0.0037 0.0476 0.3539 1.00 299.9 13.0 307.6 16.0
CBM1-M2-2010-8 C C 2.0 421.0 33.3 504700 10010 345 15.9 768 4.2 23.2 6.7 65.4 53.6 0.0572 0.0017 0.0022 0.592 0.031 0.038 0.0615 0.0023 0.0033 0.0569 0.4542 0.44 357.0 13.0 380.2 24.0
CBM1-M2-2010-9C C D 23.0 891.0 834.0 402000 8880 547 75.1 2270 9.1 100.6 8.6 241.0 96.9 0.0516 0.0009 0.0015 0.424 0.015 0.022 0.0627 0.0021 0.0032 0.0522 0.5196 -1.18 327.8 9.3 424.9 15.0
CBM1-M2-2010-9R R D, I 2.3 1694.0 204.2 461100 13760 1078 32.6 2369 15.5 132.0 12.5 283.0 124.8 0.0485 0.0006 0.0013 0.355 0.010 0.017 0.0538 0.0012 0.0024 0.0491 0.4272 -1.15 308.8 8.0 361.2 13.0
CBM1-M2-2010-10C C D 3.3 50.9 10.4 479600 8660 121 8.0 219 bdl 12.9 0.3 18.6 18.7 0.2702 0.0036 0.0073 4.620 0.210 0.280 0.1252 0.0046 0.0067 0.2625 3.6275 2.86 1502.4 37.0 1555.6 50.0
CBM1-M2-2010-10B B C 1.8 699.0 20.3 482700 10600 408 18.9 573 0.3 13.3 1.2 53.4 40.2 0.0586 0.0033 0.0035 0.484 0.043 0.047 0.0585 0.0023 0.0032 0.0582 0.4301 0.60 365.0 21.0 363.2 31.0
CBM1-M2-2010-11 B D 5.0 304.7 49.6 464800 10310 266 5.2 340 1.8 14.7 0.6 26.4 29.7 0.1439 0.0029 0.0044 1.821 0.068 0.097 0.0892 0.0027 0.0043 0.1434 1.7085 0.34 863.9 25.0 1011.7 36.0
CBM1-M2-2010-12C C C 11.0 469.0 195.1 480300 11960 1203 8.2 2448 1.1 6.7 0.1 195.0 136.8 0.0702 0.0034 0.0038 0.599 0.055 0.059 0.0625 0.0032 0.0040 0.0690 0.4567 1.73 430.0 23.0 382.0 35.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
CBM1-M2-2010-12R R C 1.7 3421.0 60.1 472500 18160 432 1.4 911 1.0 6.6 0.1 87.3 19.2 0.0481 0.0003 0.0011 0.339 0.006 0.014 0.0522 0.0007 0.0021 0.0481 0.3471 -0.02 302.8 7.1 302.5 11.0
CBM1-M2-2010-13 C D, I 69.3 2792.0 2840.0 423000 8640 2330 13.7 6470 67.9 173.0 3.5 599.0 261.0 0.0522 0.0006 0.0014 0.384 0.009 0.017 0.0577 0.0013 0.0026 0.0546 0.7028 -4.54 342.8 8.4 540.4 13.0
CBM1-M2-2010-14 C C 9.4 1405.0 187.0 504000 14820 1176 27.6 2450 5.3 37.1 3.1 206.1 169.4 0.0571 0.0008 0.0015 0.472 0.016 0.024 0.0643 0.0020 0.0032 0.0566 0.4449 0.89 354.9 9.4 373.7 17.0
CBM1-M2-2010-15B B D 9.7 522.0 71.5 490900 9050 273 28.0 1270 1.9 61.3 1.6 116.0 97.8 0.2132 0.0052 0.0072 2.757 0.096 0.140 0.0937 0.0014 0.0039 0.2130 2.7286 0.09 1244.8 38.0 1336.3 40.0
CBM1-M2-2010-15R R C 2.6 981.0 38.5 482900 12540 643 6.6 861 1.3 8.5 0.7 79.7 50.6 0.0497 0.0009 0.0015 0.395 0.031 0.035 0.0566 0.0026 0.0033 0.0494 0.3583 0.49 311.1 8.9 310.9 17.0
CBM1-M2-2010-16 C D 10.9 138.3 100.7 510400 8650 1290 8.7 2070 6.1 38.1 6.3 239.0 85.0 0.1605 0.0068 0.0077 2.105 0.099 0.130 0.0964 0.0040 0.0054 0.1592 1.9620 0.84 952.1 43.0 1102.6 42.0
CBM1-M2-2010-17C C C 16.1 513.5 374.0 503700 10420 376 7.6 1411 bdl 22.8 0.5 127.1 70.0 0.0727 0.0007 0.0018 0.582 0.020 0.030 0.0593 0.0020 0.0030 0.0716 0.4602 1.51 445.7 11.0 384.4 20.0
CBM1-M2-2010-17R R D 21.3 601.0 368.0 492600 10290 530 6.0 1640 1.0 13.8 0.6 151.0 86.3 0.0775 0.0008 0.0020 0.902 0.043 0.055 0.0878 0.0033 0.0047 0.0735 0.4442 5.20 457.0 12.0 373.2 30.0
CBM1-M2-2010-18C C C 1.3 65.2 41.8 500900 9970 665 16.5 1450 bdl 2.1 0.8 151.0 67.0 0.0621 0.0015 0.0021 0.462 0.053 0.056 0.0552 0.0066 0.0069 0.0619 0.4516 0.28 387.3 13.0 378.4 38.0
CBM1-M2-2010-18B B D, I 11.3 1129.0 129.9 488500 11300 886 97.9 3032 41.0 320.0 27.7 433.0 94.6 0.0387 0.0009 0.0013 0.490 0.014 0.023 0.0981 0.0034 0.0050 0.0364 0.2369 6.16 230.2 7.9 215.9 16.0
CBM1-M2-2010-19 C D, I 13.4 447.0 127.0 483200 7404 668 12.6 2253 19.0 116.4 6.1 245.7 96.1 0.0613 0.0026 0.0030 0.908 0.045 0.057 0.1160 0.0057 0.0072 0.0546 0.1705 10.87 342.9 18.0 159.9 29.0
CBM1-M2-2010-20 C C 3.6 863.0 98.7 495200 12710 1902 5.9 3869 bdl 1.4 0.0 293.1 232.6 0.0621 0.0005 0.0015 0.436 0.012 0.021 0.0528 0.0015 0.0025 0.0620 0.4327 0.26 387.6 9.4 365.1 15.0
CBM1-M2-2010-21C C C 4.8 121.3 44.2 508500 10040 272 7.8 1013 0.1 7.7 0.5 97.1 52.3 0.1780 0.0024 0.0048 1.893 0.087 0.110 0.0795 0.0030 0.0043 0.1755 1.6249 1.43 1042.1 26.0 979.9 39.0
CBM1-M2-2010-21B B D, I 4.5 183.3 42.1 502900 9630 298 101.0 1058 0.6 10.3 1.0 107.3 51.4 0.1176 0.0018 0.0033 1.273 0.052 0.072 0.0806 0.0033 0.0045 0.1142 0.8765 2.93 696.8 19.0 639.1 33.0
CBM1-M2-2010-22 B D 55.1 1708.0 2122.0 499700 10270 373 32.8 1002 6.0 121.0 11.2 213.8 4.0 0.0463 0.0003 0.0011 0.320 0.008 0.014 0.0517 0.0011 0.0023 0.0447 0.1332 3.52 281.8 6.9 127.0 11.0
CBM1-M2-2010-23 C D 8.1 380.0 202.3 499400 8670 443 8.8 2191 1.1 10.6 1.2 211.0 107.9 0.0621 0.0009 0.0017 0.479 0.021 0.028 0.0568 0.0020 0.0030 0.0603 0.2701 2.86 377.4 10.0 242.8 19.0
CBM1-M2-2010-24 B D, I 19.2 564.0 112.9 476000 10820 599 191.0 1119 5.5 52.8 5.7 113.9 67.5 0.1426 0.0030 0.0045 3.080 0.100 0.160 0.1524 0.0029 0.0065 0.1386 2.4955 2.78 836.9 25.0 1270.7 40.0
CBM1-M2-2010-25 C D 7.4 1105.0 60.8 458200 14830 509 16.7 962 6.0 44.3 3.3 93.8 71.5 0.0728 0.0014 0.0022 0.733 0.024 0.037 0.0742 0.0019 0.0034 0.0717 0.6119 1.49 446.5 13.0 484.7 23.0
CBM1-M2-2010-26C C D 6.0 191.0 103.0 485500 9490 281 27.0 764 4.3 52.3 2.5 75.6 36.5 0.0591 0.0016 0.0021 0.552 0.029 0.036 0.0697 0.0034 0.0043 0.0561 0.2049 5.06 351.9 13.0 189.3 24.0
CBM1-M2-2010-26R R D, I 7.7 2950.0 42.4 450200 13830 1107 42.6 1494 32.0 190.0 6.3 140.9 91.2 0.0502 0.0013 0.0018 0.402 0.023 0.028 0.0609 0.0024 0.0033 0.0496 0.3524 1.14 312.2 11.0 306.5 20.0
CBM1-M2-2010-27 B C 2.6 695.0 37.3 514000 10700 363 17.1 870 6.7 58.6 7.0 112.0 37.0 0.0589 0.0023 0.0027 0.517 0.028 0.034 0.0662 0.0027 0.0037 0.0584 0.4762 0.86 365.9 16.0 395.4 23.0
CBM1-M2-2010-28 B D 4.8 528.0 47.6 511200 13170 202 12.4 645 4.6 32.7 4.0 79.0 25.0 0.0470 0.0009 0.0014 0.477 0.023 0.030 0.0763 0.0036 0.0046 0.0445 0.1901 5.36 280.7 8.8 176.7 20.0
CBM1-M2-2010-29C C D, I 14.4 1378.0 38.3 483400 14770 657 95.0 1109 14.3 74.5 6.6 121.2 62.6 0.0461 0.0006 0.0012 0.579 0.023 0.032 0.0913 0.0035 0.0050 0.0431 0.2248 6.38 272.1 7.5 205.9 20.0
CBM1-M2-2010-29R R D 13.6 341.0 207.3 483700 10850 160 5.5 723 2.6 40.7 1.2 60.5 47.2 0.0860 0.0011 0.0023 0.864 0.024 0.041 0.0714 0.0020 0.0034 0.0836 0.5522 2.78 517.6 14.0 446.4 22.0
CBM1-M2-2010-30 R C 2.6 794.0 92.4 501400 10400 760 9.9 1008 0.6 4.7 0.5 103.7 50.1 0.0461 0.0004 0.0011 0.331 0.010 0.016 0.0513 0.0016 0.0025 0.0461 0.3229 0.06 290.4 7.1 284.1 12.0
CBM1-M2-2010-31 B D, I 6.5 535.0 48.0 501800 9100 327 1050.0 1207 5.6 46.2 4.9 155.7 38.2 0.0298 0.0015 0.0017 0.492 0.022 0.029 0.1222 0.0079 0.0091 0.0270 0.1711 9.27 172.0 10.0 160.4 20.0
CBM1-M2-2010-32 B D, I 13.2 974.0 321.0 505900 12680 750 125.0 1929 7.3 55.9 4.7 183.3 112.2 0.0546 0.0007 0.0014 0.541 0.019 0.028 0.0745 0.0028 0.0040 0.0535 0.4375 1.86 336.2 8.8 368.5 18.0
CBM1-M2-2010-33 C D, I 40.9 1784.0 451.0 486400 13010 613 468.0 2071 16.4 150.8 10.3 212.5 146.0 0.0830 0.0022 0.0029 0.906 0.084 0.091 0.0773 0.0029 0.0041 0.0797 0.4850 3.92 494.6 17.0 401.5 29.0
CBM1-M2-2010-34C C C 4.2 190.8 30.9 426000 8300 230 25.6 751 3.8 28.2 3.5 85.8 33.9 0.1460 0.0050 0.0061 1.625 0.083 0.100 0.0819 0.0027 0.0041 0.1435 1.3274 1.74 864.2 35.0 857.7 41.0
CBM1-M2-2010-34R R D, I 5.2 4230.0 90.4 482800 14690 1373 205.0 2097 13.1 89.8 6.7 208.8 135.7 0.0409 0.0004 0.0010 0.323 0.008 0.015 0.0550 0.0014 0.0025 0.0407 0.2884 0.44 257.2 6.5 257.3 11.0
CBM1-M2-2010-35C C D, I 8.7 281.3 91.9 485000 9920 810 13.4 1002 23.7 93.0 1.1 94.4 54.2 0.1205 0.0030 0.0041 1.413 0.050 0.074 0.0797 0.0030 0.0042 0.1184 1.0636 1.73 721.4 24.0 735.6 31.0
CBM1-M2-2010-35R R D, I 7.2 10060.0 103.3 482500 18370 2147 82.0 3940 35.9 260.0 14.5 393.0 252.1 0.0364 0.0007 0.0011 0.272 0.009 0.014 0.0543 0.0006 0.0022 0.0363 0.2559 0.38 229.7 6.9 231.3 11.0
CBM1-M2-2010-36R R D, I 4.2 633.0 8.9 497600 17570 269 1560.0 930 1.3 10.2 1.1 71.8 79.3 0.1390 0.0010 0.0034 1.460 0.031 0.064 0.0769 0.0015 0.0033 0.1376 1.2964 1.01 831.0 19.0 844.1 27.0
CBM1-M2-2010-36C C D, I 5.0 604.0 26.4 449800 16400 421 461.0 775 3.9 29.1 2.6 68.6 58.7 0.0930 0.0020 0.0030 1.043 0.042 0.058 0.0797 0.0022 0.0038 0.0915 0.8355 1.63 564.3 17.0 616.7 29.0
CBM1-M2-2010-37 R C 3.4 132.9 76.5 517200 8420 129 7.7 493 bdl 7.9 0.8 39.5 39.1 0.0766 0.0011 0.0021 0.635 0.034 0.042 0.0594 0.0030 0.0038 0.0766 0.6285 -0.01 475.9 12.0 495.1 26.0
CBM1-M2-2010-38 U-C D 3.0 349.0 33.3 499700 9805 393 30.8 966 2.4 22.0 2.0 98.9 48.4 0.0614 0.0026 0.0030 0.610 0.037 0.044 0.0571 0.0020 0.0030 0.0606 0.3887 1.27 379.4 18.0 333.4 27.0
CBM1-M2-2010-39 B C 3.6 1185.0 116.7 501000 10120 1050 18.0 1599 4.4 34.8 3.5 180.9 69.3 0.0430 0.0006 0.0019 0.318 0.009 0.024 0.0539 0.0016 0.0028 0.0429 0.2999 0.38 270.6 12.0 266.3 18.0
CBM1-M2-2010-40 R C 4.3 447.0 34.3 313000 6700 334 27.4 577 2.8 19.5 0.9 63.5 33.2 0.0540 0.0009 0.0025 0.568 0.023 0.045 0.0785 0.0033 0.0046 0.0521 0.3557 3.49 327.4 15.0 309.0 29.0
CBM1-M2-2010-41C C C 9.7 400.0 86.0 479000 10250 237 9.2 599 bdl 8.8 0.1 52.9 35.9 0.1594 0.0058 0.0090 1.553 0.077 0.130 0.0729 0.0018 0.0035 0.1582 1.4451 0.77 946.6 50.0 907.8 53.0
CBM1-M2-2010-41R R C 5.8 6660.0 116.4 469700 15470 1715 6.1 2445 7.1 32.4 2.1 216.9 178.6 0.0456 0.0004 0.0020 0.327 0.005 0.023 0.0529 0.0007 0.0023 0.0455 0.3191 0.25 287.0 12.0 281.2 17.0
CBM1-M2-2010-42 C D, I 9.2 4723.0 185.0 435100 12900 2345 32.5 4120 12.1 133.0 12.0 392.0 302.6 0.0600 0.0007 0.0027 0.443 0.007 0.031 0.0550 0.0008 0.0024 0.0599 0.4376 0.24 374.9 16.0 368.6 22.0
CBM1-M2-2010-43 B C 3.8 3210.0 43.6 455000 14520 945 16.7 1179 2.9 29.6 2.3 114.5 79.3 0.0619 0.0014 0.0030 0.435 0.011 0.032 0.0530 0.0008 0.0023 0.0617 0.4311 0.28 386.1 18.0 363.9 23.0
CBM1-M2-2010-44B B C 6.9 207.0 53.3 488000 8800 358 11.0 609 2.1 34.0 1.8 59.4 35.7 0.1132 0.0079 0.0093 1.250 0.120 0.150 0.0816 0.0035 0.0048 0.1088 0.7216 3.92 665.6 54.0 551.6 69.0
CBM1-M2-2010-44R R (M) Ex 3.3 1897.0 84.9 512900 12630 1136 14.4 2074 0.5 3.2 1.3 180.6 119.2 0.0449 0.0007 0.0020 0.319 0.008 0.023 0.0537 0.0014 0.0026 0.0447 0.3142 0.33 281.9 13.0 277.5 18.0
CBM1-M2-2010-45 B D, I 4.6 3210.0 144.1 503000 16830 2150 194.0 2943 2.6 18.0 1.4 268.0 330.0 0.0602 0.0010 0.0028 0.441 0.015 0.034 0.0553 0.0015 0.0027 0.0602 0.4625 -0.05 377.0 17.0 386.0 24.0
CBM1-M2-2010-46 C D 14.1 526.3 94.5 468900 10660 408 29.8 928 3.6 32.2 1.9 92.3 49.9 0.1939 0.0047 0.0096 2.518 0.067 0.190 0.0998 0.0015 0.0044 0.1920 2.4205 0.99 1132.1 51.0 1248.7 54.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
RQ1-M4-2012-1C C C 2.5 1144.0 81.1 472800 11920 688 8.6 923 0.1 1.4 2.2 0.2 89.4 50.5 0.0466 0.0004 0.0010 0.347 0.007 0.016 0.0534 0.0009 0.0016 0.0465 0.3291 0.24 292.8 6.0 288.9 12.0
RQ1-M4-2012-1R R C 1.5 1412.0 40.4 461500 12730 655 15.7 972 0.1 1.4 1.4 0.1 87.8 61.2 0.0458 0.0009 0.0013 0.345 0.006 0.016 0.0535 0.0010 0.0017 0.0457 0.3267 0.20 287.9 7.8 287.0 12.0
RQ1-M4-2012-2 C C 4.4 979.0 163.8 468300 10041 876 11.3 1358 bdl 1.8 4.5 0.5 142.5 71.1 0.0467 0.0004 0.0010 0.339 0.006 0.016 0.0523 0.0009 0.0016 0.0467 0.3380 -0.02 294.5 6.2 295.6 12.0
RQ1-M4-2012-3 C C 2.2 785.0 78.5 468200 10867 1200 9.4 1624 bdl 1.0 2.4 0.3 168.7 79.2 0.0467 0.0003 0.0010 0.343 0.007 0.016 0.0528 0.0011 0.0017 0.0467 0.3387 0.02 294.3 6.0 296.2 12.0
RQ1-M4-2012-4 C C 3.0 566.1 114.1 480800 9880 787 10.4 1017 bdl 1.5 3.1 0.3 107.6 52.1 0.0460 0.0004 0.0010 0.345 0.011 0.018 0.0530 0.0016 0.0021 0.0460 0.3378 -0.03 290.1 6.1 295.5 13.0
RQ1-M4-2012-5C C C 39.0 1669.0 330.0 453600 14230 535 9.1 1179 3.3 18.7 3.5 0.7 85.0 135.7 0.1384 0.0068 0.0073 1.600 0.100 0.120 0.0819 0.0013 0.0024 0.1362 1.2881 1.58 823.2 41.0 840.5 49.0
RQ1-M4-2012-5R R C 3.5 2813.0 116.5 416700 11620 1305 24.1 2171 5.6 53.2 75.2 4.8 228.6 111.7 0.0495 0.0006 0.0012 0.366 0.007 0.017 0.0541 0.0009 0.0016 0.0495 0.3677 0.02 311.2 7.1 317.9 13.0
RQ1-M4-2012-6 B D, I 6.5 6770.0 65.2 454300 12330 2810 17.7 4700 8.9 78.0 98.0 5.1 510.0 300.0 0.0403 0.0009 0.0012 0.304 0.008 0.015 0.0546 0.0006 0.0015 0.0401 0.2799 0.47 253.2 7.5 250.6 12.0
RQ1-M4-2012-7B B D 6.1 357.0 289.0 457700 9771 537 18.0 1175 3.3 31.7 54.8 3.1 153.7 44.3 0.0900 0.0098 0.0100 1.690 0.300 0.310 0.1150 0.0100 0.0100 0.0971 2.3042 -7.91 597.5 59.0 1213.6 110.0
RQ1-M4-2012-7R R C 3.0 1075.0 99.9 459000 11410 842 14.8 1228 0.3 3.1 4.8 0.3 125.3 68.7 0.0499 0.0005 0.0011 0.372 0.007 0.017 0.0536 0.0010 0.0017 0.0499 0.3656 0.06 313.9 6.8 316.4 13.0
RQ1-M4-2012-8 B C 2.7 486.0 158.9 447200 9800 679 17.1 919 1.5 9.7 17.8 1.4 104.9 42.7 0.0485 0.0006 0.0011 0.363 0.014 0.021 0.0553 0.0020 0.0025 0.0495 0.4914 -2.08 311.4 6.8 405.9 16.0
RQ1-M4-2012-9 R D, I 5.4 3770.0 166.0 467100 14700 1543 1470.0 2840 6.2 52.4 85.0 3.7 293.0 168.1 0.0471 0.0003 0.0010 0.363 0.005 0.016 0.0563 0.0008 0.0016 0.0470 0.3570 0.14 296.0 6.0 310.0 12.0
RQ1-M4-2012-10 R C 3.3 728.0 124.6 468700 9562 867 11.2 1159 bdl 1.5 3.3 0.3 119.0 62.8 0.0466 0.0004 0.0010 0.333 0.008 0.016 0.0520 0.0012 0.0018 0.0465 0.3312 0.04 293.2 6.1 290.5 12.0
RQ1-M4-2012-11 C C 5.1 802.0 165.0 467500 9799 932 11.1 1367 0.6 3.9 6.4 0.5 146.3 65.1 0.0464 0.0004 0.0010 0.360 0.011 0.019 0.0552 0.0017 0.0021 0.0462 0.3247 0.51 291.0 6.2 285.5 14.0
RQ1-M4-2012-12 C D 3.1 1255.0 38.2 435200 12790 716 18.7 1090 0.4 4.1 3.6 1.7 99.4 96.7 0.1410 0.0022 0.0035 1.432 0.044 0.075 0.0752 0.0014 0.0023 0.1410 1.4586 0.02 850.2 20.0 913.4 30.0
RQ1-M4-2012-13 R C 4.1 697.0 141.9 471200 9615 855 15.6 1195 bdl 2.0 4.2 0.5 129.8 58.8 0.0471 0.0004 0.0010 0.346 0.008 0.017 0.0535 0.0012 0.0018 0.0469 0.3317 0.27 295.7 6.2 290.9 12.0
RQ1-M4-2012-14 C C 2.8 610.0 105.8 464000 9930 833 11.7 1086 bdl 1.2 2.4 0.3 114.2 55.7 0.0462 0.0004 0.0010 0.332 0.010 0.017 0.0522 0.0015 0.0020 0.0462 0.3310 0.03 291.3 6.2 290.4 13.0
RQ1-M4-2012-15 C C 3.5 1480.0 130.8 466000 10910 975 12.8 1415 bdl 1.7 3.3 0.4 140.5 82.3 0.0460 0.0004 0.0010 0.328 0.006 0.015 0.0522 0.0008 0.0015 0.0460 0.3289 0.04 289.8 6.0 288.7 11.0
RQ1-M4-2012-16 B D 12.4 509.0 250.0 462700 11200 355 7.4 1360 0.7 20.2 11.2 0.9 133.0 64.8 0.0569 0.0009 0.0014 0.700 0.022 0.037 0.0891 0.0025 0.0033 0.0535 0.2845 6.00 335.9 8.7 254.2 22.0
RQ1-M4-2012-17 C C 4.5 803.0 164.5 466300 10910 743 14.3 1108 bdl 3.0 4.3 0.6 126.9 43.5 0.0468 0.0004 0.0010 0.341 0.008 0.016 0.0532 0.0011 0.0017 0.0467 0.3362 0.12 294.5 6.2 294.3 12.0
RQ1-M4-2012-18 R D 5.0 2015.0 219.9 459700 12660 1177 17.7 1799 5.2 42.7 64.2 3.4 194.8 103.8 0.0470 0.0004 0.0010 0.366 0.008 0.017 0.0550 0.0011 0.0017 0.0471 0.3709 -0.25 296.8 6.3 320.3 13.0
RQ1-M4-2012-19 C C 3.7 719.0 125.5 476800 9920 909 12.1 1242 bdl 1.4 3.4 0.4 131.0 61.6 0.0465 0.0006 0.0011 0.348 0.011 0.018 0.0527 0.0017 0.0021 0.0463 0.3221 0.28 292.0 6.7 283.5 14.0
RQ1-M4-2012-20 R C 4.4 915.0 167.4 467300 9318 1156 13.6 1555 bdl 2.1 4.3 0.5 162.8 75.8 0.0469 0.0005 0.0010 0.332 0.008 0.016 0.0509 0.0012 0.0017 0.0469 0.3349 -0.10 295.7 6.3 293.3 12.0
RQ1-M4-2012-21 U-C D, I 46100.0 161000.0 2188000.0 60100 1700 3218000 85.0 285000 3440000.0 6790000.0 2855000.0 4470.0 100800.0 427.0 0.0417 0.0013 0.0016 0.331 0.022 0.026 0.0563 0.0021 0.0025 0.0305 26.96 193.4 9.7 20.0
RQ1-M4-2012-22 C C 2.9 849.7 101.5 457200 10240 1410 8.2 1693 bdl 1.0 2.6 0.3 172.9 80.5 0.0470 0.0005 0.0010 0.348 0.009 0.017 0.0536 0.0014 0.0019 0.0469 0.3422 0.09 295.7 6.3 298.8 13.0
RQ1-M4-2012-23 B C 3.7 1146.0 132.8 483600 10410 1149 11.5 1515 0.8 6.2 9.4 0.8 165.1 71.8 0.0503 0.0006 0.0011 0.382 0.010 0.019 0.0547 0.0012 0.0018 0.0503 0.3827 -0.05 316.6 6.9 329.0 14.0
RQ1-M4-2012-24 C C 2.9 492.0 93.5 471000 9730 706 23.7 846 bdl 1.2 2.8 0.3 91.4 42.8 0.0478 0.0006 0.0011 0.368 0.013 0.020 0.0557 0.0022 0.0026 0.0476 0.3438 0.40 299.7 6.7 300.0 15.0
RQ1-M4-2012-25 C D, I 6.3 3710.0 121.0 473800 12530 2080 5.3 3240 1.1 6.0 10.1 1.2 314.0 173.0 0.0467 0.0005 0.0011 0.350 0.008 0.017 0.0534 0.0015 0.0020 0.0465 0.3240 0.35 293.2 6.3 285.0 13.0
RQ1-M4-2012-26 C C 3.3 710.0 119.3 465300 9550 908 10.9 1119 bdl 1.5 3.1 0.4 115.4 59.7 0.0481 0.0010 0.0014 0.341 0.010 0.018 0.0511 0.0016 0.0020 0.0481 0.3428 -0.07 303.0 8.6 299.3 13.0
RQ1-M4-2012-27 C C 2.9 4100.0 128.8 487300 14200 1586 5.3 2576 1.0 8.5 13.0 0.8 245.5 149.0 0.0450 0.0004 0.0010 0.327 0.005 0.015 0.0520 0.0007 0.0015 0.0450 0.3252 -0.05 283.7 6.0 285.9 11.0
RQ1-M4-2012-28 R D, I 72.2 1480.0 2430.0 476100 11480 5840 8.3 2441 4130.0 8240.0 3550.0 7.3 298.0 112.9 0.0468 0.0003 0.0010 0.342 0.006 0.016 0.0525 0.0009 0.0016 0.0420 10.13 265.4 6.0 12.0
RQ1-M4-2012-29 B C 10.1 1699.0 205.4 465200 10170 1744 10.0 2792 1.8 12.0 19.8 1.8 293.8 121.1 0.0477 0.0004 0.0010 0.419 0.008 0.019 0.0639 0.0011 0.0019 0.0470 0.3364 1.46 296.3 6.2 294.4 14.0
RQ1-M4-2012-30 C C 3.3 2120.0 50.7 440500 13190 824 11.7 1629 5.9 61.2 84.2 4.2 184.6 80.9 0.0484 0.0006 0.0011 0.370 0.012 0.019 0.0552 0.0014 0.0020 0.0482 0.3401 0.49 303.4 7.0 297.3 14.0
RQ1-M4-2012-31 C D, I 850.0 25.0 3.5 11300 19 1230 680.0 20 0.5 2.8 0.0 -0.3 1.0 0.6 – – – – – – – – – – 0.0 – 0.0
RQ1-M4-2012-32 C C 3.9 734.0 132.2 474500 9770 874 12.9 1194 bdl 1.9 3.8 0.4 124.1 62.9 0.0475 0.0005 0.0010 0.361 0.010 0.018 0.0552 0.0014 0.0020 0.0474 0.3519 0.16 298.4 6.4 306.2 14.0
RQ1-M4-2012-33 C C 8.3 1407.0 223.8 466600 9930 1341 14.6 2241 1.1 10.9 22.9 1.7 231.9 100.7 0.0472 0.0004 0.0010 0.405 0.009 0.019 0.0624 0.0015 0.0022 0.0467 0.3525 0.94 294.5 6.2 306.6 14.0
RQ1-M4-2012-34C C C 5.4 1212.0 60.7 439400 14600 1178 6.2 1869 0.6 1.9 1.6 0.0 155.5 179.0 0.0626 0.0006 0.0014 0.538 0.013 0.026 0.0625 0.0015 0.0022 0.0619 0.4552 1.11 387.2 8.2 380.9 17.0
RQ1-M4-2012-34B B C 5.8 3270.0 151.9 465100 13900 1900 5.7 3794 0.2 1.8 1.6 0.3 362.2 197.9 0.0520 0.0006 0.0012 0.388 0.008 0.018 0.0541 0.0007 0.0015 0.0519 0.3774 0.17 326.4 7.3 325.1 13.0
RQ1-M4-2012-35 C C 5.0 707.0 128.9 471400 9870 831 15.7 1061 1.4 4.1 4.3 0.3 108.8 54.3 0.0471 0.0006 0.0011 0.435 0.014 0.023 0.0660 0.0020 0.0026 0.0464 0.3501 1.38 292.5 7.1 304.8 16.0
RQ1-M4-2012-36 C C 3.1 576.0 112.0 475700 10070 836 11.3 1062 bdl 1.3 3.8 0.4 115.5 51.9 0.0464 0.0004 0.0010 0.345 0.008 0.017 0.0535 0.0013 0.0019 0.0464 0.3385 0.07 292.4 6.1 296.0 13.0
RQ1-M2-2012-1 U-C C 3.2 541.7 111.2 465700 9670 836 12.4 1054 bdl 1.2 2.9 0.4 113.5 51.7 0.0466 0.0004 0.0016 0.360 0.010 0.015 0.0557 0.0014 0.0027 0.0464 0.3379 0.36 292.6 9.9 295.6 11.0
RQ1-M2-2012-2 C C 4.2 1348.0 137.4 464500 10534 1340 21.1 2192 0.4 4.0 7.7 0.7 227.5 100.7 0.0472 0.0003 0.0016 0.352 0.005 0.012 0.0540 0.0008 0.0023 0.0470 0.3337 0.31 296.2 10.0 292.4 9.0
RQ1-M2-2012-3 C C 2.9 518.5 112.1 467200 9720 778 12.2 1036 0.5 5.2 10.2 0.8 117.2 49.4 0.0460 0.0004 0.0016 0.342 0.009 0.014 0.0542 0.0015 0.0027 0.0460 0.3397 0.07 289.8 9.8 297.0 11.0
RQ1-M2-2012-4 C C 3.8 747.0 144.7 471800 9696 939 12.4 1259 bdl 1.5 3.2 0.4 133.9 63.5 0.0472 0.0003 0.0016 0.343 0.007 0.013 0.0525 0.0011 0.0024 0.0471 0.3362 0.09 296.9 9.9 294.3 9.6
RQ1-M2-2012-5 B C 5.2 1207.0 165.1 462300 10199 1354 13.2 2121 0.8 6.3 12.0 1.0 218.6 106.3 0.0484 0.0002 0.0016 0.377 0.006 0.013 0.0568 0.0009 0.0025 0.0482 0.3524 0.45 303.3 10.0 306.5 9.6
RQ1-M2-2012-6 C C 2.1 639.0 77.2 475100 11016 1093 9.1 1408 bdl 1.0 2.3 0.3 148.1 69.4 0.0464 0.0003 0.0016 0.339 0.008 0.013 0.0529 0.0012 0.0025 0.0463 0.3293 0.16 291.8 9.8 289.0 9.8
RQ1-M2-2012-7 B D 3.4 955.0 150.5 472700 11870 833 39.1 1638 2.3 19.4 32.7 2.0 169.0 88.4 0.0457 0.0004 0.0016 0.367 0.010 0.015 0.0581 0.0012 0.0026 0.0458 0.3742 -0.15 288.4 9.8 322.8 11.0
RQ1-M2-2012-8 B C 8.0 1317.0 143.0 474700 11345 1377 9.3 2134 3.2 17.8 28.9 2.6 226.0 100.5 0.0485 0.0003 0.0017 0.451 0.013 0.019 0.0677 0.0020 0.0034 0.0475 0.3358 1.99 299.2 10.0 294.0 13.0
RQ1-M2-2012-9 R C 5.9 567.0 53.3 480300 11554 691 10.9 1145 2.7 22.1 39.4 2.9 135.8 52.3 0.0497 0.0007 0.0018 0.577 0.039 0.042 0.0836 0.0047 0.0058 0.0476 0.3210 4.19 299.7 11.0 282.7 27.0
RQ1-M2-2012-10 B C 2.5 1055.0 85.5 481200 12100 1042 13.4 1734 1.5 14.2 28.7 1.6 181.2 87.5 0.0465 0.0002 0.0016 0.349 0.006 0.012 0.0543 0.0009 0.0024 0.0464 0.3387 0.17 292.2 9.7 296.2 9.3
RQ1-M2-2012-11 C D, I 426.8 468.3 462.4 456 444 412 454.7 469 447.0 463.7 436.9 454.1 442.1 446.4 0.2353 0.0022 0.0082 29.590 0.340 0.970 0.9093 0.0050 0.0370 – – – 43.0 – 32.0
RQ1-M2-2012-12 C C 0.8 82.1 20.3 486200 6924 205 12.8 624 bdl 2.3 1.0 0.5 49.1 52.4 0.0665 0.0008 0.0024 0.537 0.023 0.028 0.0584 0.0027 0.0036 0.0664 0.5253 0.12 414.4 14.0 428.7 18.0
RQ1-M2-2012-13 C C 13.3 542.3 355.7 470400 11031 195 2.8 1747 bdl 7.7 2.0 1.3 131.6 137.3 0.0672 0.0005 0.0023 0.509 0.010 0.019 0.0548 0.0011 0.0025 0.0670 0.4900 0.21 418.3 14.0 404.9 13.0
RQ1-M2-2012-14B B C 8.5 1910.0 287.0 458300 10510 1694 28.4 2882 5.1 39.2 54.7 3.3 347.5 99.3 0.0472 0.0003 0.0016 0.362 0.006 0.013 0.0553 0.0010 0.0025 0.0470 0.3375 0.39 296.0 9.9 295.3 9.6
RQ1-M2-2012-14R R C 3.8 1527.0 97.0 456300 10244 1384 11.4 2087 0.4 3.3 5.4 0.8 214.4 97.1 0.0476 0.0003 0.0016 0.359 0.008 0.013 0.0553 0.0011 0.0025 0.0474 0.3389 0.42 298.5 10.0 296.3 9.9
RQ1-M2-2012-15 C C 3.0 727.0 109.0 462000 9967 828 12.7 1137 bdl 1.3 2.6 0.3 118.9 56.7 0.0465 0.0003 0.0016 0.341 0.008 0.013 0.0529 0.0012 0.0025 0.0464 0.3314 0.13 292.3 9.8 290.7 9.9
RQ1-M2-2012-16 C C 3.8 1449.0 131.6 460300 10468 1395 10.2 2273 0.2 2.4 4.2 0.6 227.8 107.9 0.0465 0.0003 0.0016 0.337 0.006 0.012 0.0531 0.0009 0.0023 0.0464 0.3318 0.16 292.4 9.8 291.0 9.0
RQ1-M2-2012-17 B C 7.8 879.0 142.1 463200 10183 1003 17.9 1529 3.3 20.6 34.0 3.2 169.2 72.9 0.0482 0.0003 0.0016 0.501 0.010 0.018 0.0751 0.0016 0.0035 0.0469 0.3423 2.70 295.6 10.0 298.9 12.0
RQ1-M2-2012-18 C C 5.8 414.9 174.3 464700 10877 275 4.2 1653 bdl 21.3 1.9 0.2 163.4 75.0 0.0577 0.0004 0.0020 0.439 0.010 0.017 0.0556 0.0012 0.0026 0.0575 0.4175 0.36 360.5 12.0 354.2 12.0
RQ1-M2-2012-19 C C 6.3 752.0 140.6 461500 10402 754 11.4 1220 0.2 3.8 3.6 0.3 127.8 62.3 0.0629 0.0032 0.0039 0.548 0.045 0.048 0.0623 0.0024 0.0035 0.0624 0.4736 0.87 389.9 23.0 393.7 31.0
RQ1-M4-2012-46 R C 5.7 385.0 150.8 485800 7747 119 5.4 382 bdl 2.9 0.4 0.4 26.6 42.3 0.0672 0.0005 0.0023 0.510 0.013 0.020 0.0539 0.0014 0.0026 0.0673 0.5045 -0.06 419.6 14.0 414.7 13.0
RQ1-M4-2012-47 R D, I 422.6 450.8 453.7 446 431 416 454.8 459 434.8 446.2 426.6 443.8 432.8 434.9 0.2322 0.0022 0.0081 29.980 0.360 0.990 0.9151 0.0053 0.0380 – – – 42.0 – 32.0
RQ1-M4-2012-48 R C 3.7 128.4 96.0 483100 8815 253 9.3 2018 0.4 5.7 3.5 1.5 184.7 100.3 0.0667 0.0007 0.0023 0.530 0.024 0.029 0.0570 0.0025 0.0034 0.0663 0.4758 0.59 413.8 14.0 395.2 19.0
RQ1-M4-2012-49 B C 1.7 94.2 45.1 486000 7342 148 11.6 852 bdl 2.9 2.2 0.9 73.5 56.3 0.0654 0.0008 0.0023 0.497 0.025 0.029 0.0542 0.0028 0.0035 0.0652 0.4626 0.33 407.0 14.0 386.1 20.0
RQ1-M4-2012-50 R C 17.7 1539.0 273.0 483400 10940 1565 25.6 2480 4.2 20.8 24.7 1.8 270.3 109.8 0.0461 0.0006 0.0017 0.587 0.051 0.054 0.0889 0.0063 0.0073 0.0442 0.3325 4.18 278.7 10.0 291.5 32.0
RQ1-M4-2012-51 B C 18.4 1131.0 249.8 486700 10580 1099 18.8 1917 3.4 22.5 41.7 3.9 215.8 86.4 0.0468 0.0007 0.0017 0.690 0.036 0.042 0.1046 0.0042 0.0060 0.0440 0.3333 6.04 277.3 11.0 292.1 25.0
RQ1-M4-2012-52 C D, I 2.0 60.1 33.1 463700 8955 169 17.5 893 18.6 26.3 7.6 6.1 77.7 49.9 0.0688 0.0009 0.0025 0.900 0.061 0.067 0.0940 0.0066 0.0076 0.0648 0.4056 5.79 405.0 15.0 345.7 38.0
RQ1-M4-2012-53 R (M) Ex 1.3 71.3 33.6 486300 7699 129 10.9 755 bdl 2.5 1.3 0.8 64.7 48.0 0.0681 0.0009 0.0025 0.511 0.030 0.033 0.0545 0.0032 0.0039 0.0679 0.4921 0.24 423.7 15.0 406.4 23.0
RQ1-M4-2012-54 R (M) Ex 3.4 2020.0 120.6 488000 11840 1595 8.2 2795 bdl 1.2 1.7 0.3 261.2 147.2 0.0483 0.0003 0.0017 0.348 0.005 0.012 0.0518 0.0007 0.0022 0.0483 0.3439 0.02 304.1 10.0 300.1 8.7
RQ1-M4-2012-55 R C 2.4 144.2 64.5 483000 7596 149 8.5 842 0.0 3.1 1.9 0.8 69.6 58.8 0.0659 0.0007 0.0023 0.514 0.024 0.029 0.0570 0.0027 0.0035 0.0658 0.5072 0.13 410.6 14.0 416.6 20.0
RQ1-M4-2012-56 C C 3.2 741.0 123.4 487700 10358 896 11.4 1310 bdl 1.4 2.7 0.4 137.4 64.7 0.0468 0.0003 0.0016 0.332 0.007 0.012 0.0524 0.0013 0.0025 0.0468 0.3362 0.04 294.8 9.9 294.3 9.7
RQ1-M4-2012-57 C D 14.3 2350.0 365.0 496500 14290 1204 22.1 1883 8.4 60.3 100.6 4.7 205.8 128.1 0.0467 0.0004 0.0016 0.465 0.008 0.016 0.0732 0.0010 0.0031 0.0461 0.4016 1.23 290.5 10.0 342.8 12.0
RQ1-M4-2012-58 B C 3.0 453.0 95.8 487600 10437 576 11.2 815 bdl 1.1 2.3 0.2 88.1 40.3 0.0490 0.0004 0.0017 0.368 0.011 0.016 0.0549 0.0017 0.0028 0.0488 0.3453 0.43 307.0 10.0 301.2 12.0
RQ1-M4-2012-59 B C 1.1 63.9 29.1 500700 7093 180 15.5 948 bdl 2.7 2.1 1.0 86.3 57.1 0.0671 0.0011 0.0025 0.531 0.027 0.031 0.0583 0.0033 0.0041 0.0672 0.5530 -0.17 419.3 15.0 447.0 21.0
RQ1-M4-2012-60 B (M) Ex 6.5 1846.0 156.1 509400 11760 1649 29.1 2937 2.3 18.9 35.5 2.0 297.9 139.4 0.0468 0.0004 0.0016 0.378 0.007 0.014 0.0590 0.0013 0.0027 0.0464 0.3311 0.88 292.3 9.9 290.4 10.0
RQ1-M4-2012-61 C C 6.4 1418.0 138.0 508600 13292 984 15.6 1595 7.2 46.7 62.3 3.4 160.6 89.7 0.0450 0.0003 0.0015 0.383 0.009 0.015 0.0634 0.0014 0.0029 0.0444 0.3270 1.22 280.3 9.5 287.3 11.0
RQ1-M4-2012-62 C C 6.1 1044.0 228.9 477200 9501 1131 12.7 1786 bdl 2.0 5.1 0.5 194.0 78.5 0.0486 0.0004 0.0017 0.350 0.007 0.013 0.0534 0.0010 0.0024 0.0486 0.3581 0.00 306.0 10.0 310.8 9.8
RQ1-M4-2012-63 C C 5.5 1098.0 79.0 489300 12560 763 10.1 1216 7.0 46.8 53.7 7.4 127.6 66.4 0.0460 0.0004 0.0016 0.406 0.009 0.016 0.0658 0.0017 0.0032 0.0452 0.3127 1.89 284.7 9.9 276.2 11.0
RQ1-M4-2012-64 R C 3.0 659.5 111.2 481600 10240 952 10.1 1276 bdl 1.2 2.9 0.3 138.7 60.9 0.0473 0.0003 0.0016 0.330 0.008 0.013 0.0517 0.0013 0.0025 0.0472 0.3336 0.06 297.6 9.9 292.3 9.8
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
RQ1-M4-2012-65 UG C 4.4 462.5 117.6 465500 9837 590 12.1 822 0.9 11.4 19.5 1.3 96.7 38.0 0.0522 0.0010 0.0020 0.452 0.023 0.027 0.0640 0.0025 0.0036 0.0516 0.3898 1.12 324.5 12.0 334.2 18.0
RQ1-M4-2012-66 C C 3.2 572.0 120.7 485900 10320 666 9.6 968 bdl 1.5 3.5 0.3 108.3 44.4 0.0474 0.0004 0.0016 0.352 0.010 0.015 0.0551 0.0016 0.0028 0.0474 0.3582 0.03 298.3 10.0 310.9 11.0
RQ1-M2-2010-1 C C 2.9 849.0 100.5 458600 10090 828 10.8 1135 0.8 7.2 0.7 111.2 57.2 0.0472 0.0005 0.0012 0.341 0.012 0.018 0.0513 0.0015 0.0024 0.0473 0.3392 -0.09 297.8 7.4 296.6 14.0
RQ1-M2-2010-2C C D, I 13.6 2816.0 436.0 451800 9380 2589 15.3 4400 4.0 42.1 3.5 451.0 180.8 0.0444 0.0004 0.0011 0.351 0.011 0.017 0.0569 0.0012 0.0025 0.0442 0.3271 0.39 278.8 6.8 287.3 13.0
RQ1-M2-2010-2R R D, I 7.9 1448.0 166.0 487900 12360 1148 49.0 2540 14.2 143.3 12.4 313.0 109.6 0.0429 0.0004 0.0011 0.417 0.014 0.022 0.0666 0.0028 0.0038 0.0423 0.3320 1.19 267.3 6.6 291.1 15.0
RQ1-M2-2010-3 C D 3.1 724.0 111.9 466400 9750 1132 10.1 1422 bdl 1.0 0.3 150.2 65.2 0.0451 0.0004 0.0011 0.328 0.010 0.016 0.0518 0.0015 0.0025 0.0451 0.3298 -0.14 284.6 7.0 289.4 12.0
RQ1-M2-2010-4 B D 7.4 955.0 50.4 483900 11770 409 18.4 665 1.1 9.5 1.5 69.4 28.5 0.0599 0.0008 0.0016 0.702 0.022 0.035 0.0821 0.0021 0.0038 0.0586 0.5161 2.22 366.8 9.6 422.5 20.0
RQ1-M2-2010-5R R C 3.0 767.0 103.2 459400 9760 887 10.9 1261 0.5 2.4 0.3 129.5 61.7 0.0466 0.0005 0.0012 0.342 0.009 0.016 0.0522 0.0013 0.0024 0.0466 0.3396 -0.08 293.5 7.3 296.8 12.0
RQ1-M2-2010-5C C C 23.7 594.0 399.0 461200 9250 359 13.0 1244 0.9 19.0 1.1 104.6 91.6 0.0816 0.0024 0.0031 0.654 0.025 0.035 0.0568 0.0015 0.0026 0.0802 0.4636 1.75 497.1 18.0 386.7 22.0
RQ1-M2-2010-6 C C 16.4 469.0 615.0 486500 9490 343 6.4 1340 0.1 48.0 4.0 136.0 63.0 0.0463 0.0005 0.0012 0.341 0.012 0.018 0.0522 0.0018 0.0027 0.0477 0.5018 -3.02 300.4 7.2 412.9 13.0
RQ1-M2-2010-7 C C 5.4 1600.0 99.0 462400 10600 993 14.3 1508 2.7 21.5 1.6 168.4 62.4 0.0443 0.0025 0.0027 0.446 0.026 0.031 0.0575 0.0015 0.0026 0.0441 0.3303 0.39 278.4 16.0 289.8 22.0
RQ1-M2-2010-8 C C 5.6 1277.0 188.6 457800 9810 1214 15.1 1970 bdl 2.1 0.4 196.1 90.0 0.0481 0.0003 0.0012 0.343 0.008 0.016 0.0510 0.0010 0.0022 0.0482 0.3434 -0.09 303.4 7.2 299.7 12.0
RQ1-M2-2010-9 C C 3.1 1018.0 118.9 475300 10620 1147 12.4 1695 1.3 16.6 1.3 188.4 77.6 0.0486 0.0004 0.0012 0.353 0.010 0.017 0.0518 0.0012 0.0023 0.0487 0.3578 -0.18 306.6 7.5 310.6 13.0
RQ1-M2-2010-10 C D 9.9 502.8 183.7 462300 10200 1025 29.2 1457 3.9 27.4 4.3 165.6 51.3 0.0472 0.0006 0.0013 0.589 0.024 0.033 0.0882 0.0030 0.0045 0.0447 0.2780 5.19 282.0 7.7 249.0 21.0
RQ1-M2-2010-11 C C 2.9 780.0 101.5 483600 10250 1043 11.0 1460 bdl 1.2 0.3 148.9 70.7 0.0454 0.0004 0.0011 0.341 0.008 0.015 0.0535 0.0014 0.0025 0.0454 0.3315 0.06 286.2 7.0 290.7 11.0
RQ1-M2-2010-12 C C 41.4 4680.0 1370.0 457200 16520 461 11.8 3410 7.8 158.0 1.3 233.0 300.0 0.0404 0.0016 0.0018 0.371 0.015 0.021 0.0537 0.0007 0.0022 0.0405 0.3074 -0.17 255.7 11.0 272.2 15.0
RQ1-M2-2010-13 C C 6.1 2078.0 261.0 478000 11660 352 18.4 1415 6.1 49.3 4.0 105.9 165.3 0.0502 0.0004 0.0012 0.371 0.012 0.019 0.0550 0.0017 0.0027 0.0504 0.4079 -0.45 316.9 7.6 347.4 15.0
RQ1-M2-2010-14C C D 8.1 590.0 221.7 475700 10140 488 15.4 3537 4.3 51.4 2.9 369.7 130.7 0.0554 0.0009 0.0016 0.429 0.021 0.027 0.0590 0.0031 0.0038 0.0550 0.4110 0.59 345.4 9.5 349.6 19.0
RQ1-M2-2010-14B B D, I 8.1 2402.0 186.9 457200 9860 821 50.2 2687 15.8 153.0 11.9 332.0 110.1 0.0472 0.0007 0.0013 0.380 0.007 0.016 0.0574 0.0012 0.0025 0.0469 0.3402 0.59 295.7 7.9 297.3 12.0
RQ1-M2-2010-15 C C 3.5 1160.0 109.8 475000 11430 1314 6.1 1862 0.1 1.2 0.4 192.2 89.2 0.0467 0.0004 0.0012 0.355 0.010 0.017 0.0541 0.0012 0.0024 0.0467 0.3413 0.13 293.9 7.1 298.2 13.0
RQ1-M2-2010-16 C D 7.8 326.0 72.7 481100 8650 201 6.7 1646 1.6 24.3 2.8 183.3 66.2 0.0498 0.0007 0.0014 0.803 0.041 0.051 0.1121 0.0055 0.0070 0.0452 0.2170 9.17 285.0 8.6 199.4 28.0
RQ1-M2-2010-17 C C 3.1 912.0 110.5 480100 10480 715 11.1 1035 bdl 1.4 0.3 105.7 57.5 0.0458 0.0007 0.0013 0.321 0.008 0.015 0.0510 0.0013 0.0024 0.0458 0.3236 -0.03 288.9 7.7 284.7 12.0
RQ1-M2-2010-18 C D 4.9 963.0 130.6 473700 10300 1038 10.0 1516 2.4 5.4 0.4 154.8 72.8 0.0633 0.0019 0.0024 0.678 0.034 0.043 0.0746 0.0023 0.0036 0.0634 0.6670 -0.21 396.5 15.0 518.9 27.0
RQ1-M2-2010-19 C C 2.9 1413.0 116.1 500000 11000 1632 13.1 2157 9.3 38.5 1.9 237.8 90.9 0.0462 0.0004 0.0012 0.332 0.009 0.016 0.0522 0.0010 0.0022 0.0463 0.3439 -0.20 291.7 7.2 300.1 12.0
RQ1-M2-2010-20C C D, I 9.7 943.0 337.0 387000 7410 221 271.0 745 1.5 19.2 0.9 61.8 68.6 0.0515 0.0007 0.0014 0.407 0.018 0.024 0.0604 0.0027 0.0035 0.0519 0.4724 -0.70 326.0 8.6 392.9 17.0
RQ1-M2-2010-20R R C 4.1 221.2 107.7 477400 10310 546 5.7 1073 5.0 29.4 0.3 106.3 52.3 0.0579 0.0010 0.0017 0.470 0.034 0.039 0.0545 0.0042 0.0047 0.0578 0.4240 0.16 362.3 10.0 358.9 27.0
RQ1-M2-2010-21 B C 4.9 545.0 131.6 490800 9900 725 12.8 991 0.2 3.1 0.8 112.1 44.3 0.0447 0.0004 0.0011 0.368 0.013 0.019 0.0593 0.0024 0.0033 0.0441 0.3020 1.17 278.5 6.9 268.0 14.0
RQ1-M2-2010-22C C D 8.3 1450.0 360.0 486200 10550 1551 15.8 2690 4.0 36.3 4.0 307.0 109.6 0.0338 0.0005 0.0009 0.317 0.008 0.015 0.0543 0.0013 0.0024 0.0346 0.3483 -2.34 219.4 5.8 303.4 11.0
RQ1-M2-2010-22R R C 4.5 1041.0 152.7 493400 9900 1054 12.5 1528 bdl 1.8 0.4 150.1 81.9 0.0459 0.0004 0.0011 0.339 0.010 0.016 0.0525 0.0014 0.0025 0.0459 0.3331 -0.02 289.3 7.0 291.9 12.0
RQ1-M2-2010-23 C D, I 9.3 4919.0 240.9 468100 11760 3251 572.0 6620 18.2 142.7 10.6 705.0 238.4 0.0442 0.0005 0.0011 0.329 0.008 0.015 0.0549 0.0010 0.0023 0.0440 0.3176 0.31 277.7 7.0 280.1 11.0
RQ1-M2-2010-24 C D, I 6.7 1904.0 87.0 454400 11510 1336 84.1 1726 15.1 100.3 5.1 213.7 78.8 0.0510 0.0018 0.0021 0.421 0.017 0.023 0.0586 0.0014 0.0026 0.0505 0.3520 0.97 317.6 13.0 306.2 17.0
RQ1-M2-2010-25 C C 1.3 212.8 28.4 478300 4423 54 4.5 302 1.4 12.4 1.0 32.1 21.2 0.0432 0.0008 0.0013 0.401 0.034 0.038 0.0677 0.0060 0.0065 0.0425 0.3187 1.62 268.2 7.9 280.9 26.0
RQ1-M2-2010-26R R C 4.9 898.0 151.9 514300 10220 1001 19.9 1820 5.9 48.3 7.5 221.0 74.1 0.0444 0.0007 0.0012 0.359 0.010 0.017 0.0591 0.0016 0.0028 0.0440 0.3160 0.85 277.5 7.6 278.8 13.0
RQ1-M2-2010-26C C D, I 14.9 2790.0 540.0 473800 10660 1609 18.5 3750 11.9 123.5 9.6 446.0 139.1 0.0472 0.0007 0.0013 0.355 0.011 0.018 0.0548 0.0008 0.0022 0.0471 0.3396 0.30 296.6 7.9 296.9 13.0
RQ1-M2-2010-27 C D 23.0 452.0 577.0 474900 7750 798 16.8 3980 4.8 47.9 4.0 443.0 144.4 0.0598 0.0006 0.0015 0.735 0.025 0.038 0.0889 0.0031 0.0046 0.0564 0.3208 5.67 353.6 9.3 282.5 22.0
RQ1-M2-2010-28 C C 3.0 625.0 112.1 499300 10270 1008 11.4 1266 bdl 1.2 0.3 135.1 58.3 0.0469 0.0005 0.0012 0.343 0.013 0.018 0.0526 0.0020 0.0029 0.0468 0.3317 0.14 294.7 7.3 290.9 14.0
RQ1-M2-2010-29 C C 8.9 1120.0 280.0 471200 9770 888 24.7 1880 4.6 36.1 3.8 237.0 68.9 0.0381 0.0007 0.0012 0.397 0.016 0.022 0.0623 0.0029 0.0038 0.0378 0.2925 0.75 239.1 7.2 260.5 16.0
RQ1-M2-2010-30 C C 4.9 1464.0 171.1 497400 10510 1473 13.1 2423 bdl 1.8 0.4 230.5 113.6 0.0474 0.0003 0.0012 0.335 0.009 0.016 0.0521 0.0012 0.0023 0.0473 0.3349 0.09 298.1 7.1 293.3 12.0
RQ1-M2-2010-31C C D, I 7.8 2544.0 178.8 480700 12820 620 127.0 1713 5.3 45.1 2.5 110.3 212.9 0.0559 0.0008 0.0015 0.423 0.011 0.020 0.0551 0.0010 0.0023 0.0556 0.3950 0.43 348.9 9.2 338.0 14.0
RQ1-M2-2010-31R R C 2.4 702.0 78.7 495500 11400 729 8.7 902 0.2 2.6 0.4 94.6 43.0 0.0466 0.0005 0.0012 0.346 0.012 0.018 0.0530 0.0019 0.0028 0.0465 0.3271 0.24 293.2 7.3 287.3 13.0
RQ1-M2-2010-32 C C 4.0 577.0 137.5 496600 10580 768 14.4 938 0.9 9.8 0.7 105.3 30.7 0.0496 0.0008 0.0014 0.366 0.015 0.021 0.0531 0.0018 0.0027 0.0496 0.3631 -0.01 311.8 8.6 314.5 15.0
RQ1-M2-2010-33 C C 2.2 1928.0 72.0 499000 12120 1326 6.8 1871 1.0 6.2 0.8 185.2 93.9 0.0460 0.0004 0.0011 0.340 0.009 0.016 0.0531 0.0011 0.0023 0.0459 0.3310 0.10 289.6 7.0 290.4 12.0
RQ1-M2-2010-34 B D, I 11.9 6280.0 332.0 476000 14860 2992 13.6 4510 149.0 316.0 2.3 402.2 324.7 0.0577 0.0009 0.0016 0.427 0.012 0.020 0.0539 0.0006 0.0021 0.0576 0.4213 0.11 361.3 9.9 357.0 15.0
RQ1-M2-2010-35 C C 4.0 809.0 143.3 500600 9940 1070 10.1 1355 bdl 1.5 0.4 139.8 68.4 0.0472 0.0005 0.0012 0.331 0.011 0.017 0.0513 0.0016 0.0025 0.0471 0.3259 0.14 297.0 7.4 286.4 13.0
RQ1-M2-2010-36 C C 4.9 831.0 184.1 503800 9880 880 13.5 1148 0.4 5.0 0.8 123.1 54.3 0.0482 0.0006 0.0013 0.349 0.015 0.020 0.0528 0.0023 0.0030 0.0482 0.3501 0.02 303.6 7.8 304.8 15.0
RQ1-M2-2010-37 B C 4.6 1612.0 141.0 476500 10860 1667 15.1 2430 2.7 23.4 2.2 259.0 101.1 0.0505 0.0007 0.0014 0.367 0.011 0.018 0.0541 0.0012 0.0024 0.0503 0.3633 0.21 316.6 8.3 314.7 13.0
RQ1-M2-2010-38 C C 2.8 949.0 102.7 508700 10500 1184 10.2 1532 bdl 1.8 0.4 159.9 75.7 0.0486 0.0005 0.0012 0.341 0.012 0.018 0.0515 0.0016 0.0025 0.0485 0.3426 0.04 305.5 7.6 299.2 13.0
RQ1-M2-2010-39 B D, I 17.9 1700.0 344.0 477000 10020 1385 600.0 2470 26.9 138.0 5.0 331.0 71.3 0.0400 0.0010 0.0014 0.441 0.061 0.063 0.0776 0.0097 0.0100 0.0379 0.1761 5.23 240.1 8.4 164.7 41.0
RQ1-M2-2010-40 C C 12.1 1752.0 315.0 478000 25970 315 16.5 774 2.7 25.0 1.5 60.8 169.1 0.0544 0.0005 0.0014 0.394 0.011 0.019 0.0533 0.0013 0.0024 0.0540 0.3495 0.77 339.1 8.4 304.3 13.0
RQ1-M2-2010-41C C D, I 4.9 754.0 196.0 494800 10980 971 11.9 1421 141.0 402.0 2.5 163.0 52.6 0.0480 0.0006 0.0013 0.343 0.014 0.019 0.0527 0.0019 0.0028 0.0481 0.3620 -0.22 303.1 7.8 313.7 14.0
RQ1-M2-2010-41R R C 5.1 2624.0 173.3 493400 12020 1456 12.7 2417 0.5 2.7 0.5 241.4 105.4 0.0485 0.0005 0.0012 0.347 0.009 0.016 0.0533 0.0011 0.0023 0.0484 0.3515 0.08 304.8 7.6 305.9 12.0
RQ1-M2-2010-42 B C 3.4 1002.0 104.5 496000 10530 1145 12.2 1675 1.4 12.7 1.5 183.2 76.1 0.0479 0.0005 0.0012 0.345 0.013 0.019 0.0539 0.0018 0.0027 0.0477 0.3334 0.39 300.5 7.6 292.1 14.0
RQ1-M2-2010-43B B D 15.6 494.0 504.0 474000 9610 713 17.3 1281 3.3 58.0 4.0 146.1 49.7 0.0378 0.0006 0.0011 0.385 0.020 0.025 0.0593 0.0030 0.0038 0.0384 0.3723 -1.38 242.6 6.9 321.3 18.0
RQ1-M2-2010-43R R C 5.3 3150.0 182.7 488800 16320 956 14.9 1134 2.3 17.3 2.1 108.1 85.9 0.0440 0.0012 0.0015 0.319 0.010 0.015 0.0513 0.0014 0.0024 0.0440 0.3070 0.08 277.4 9.5 271.9 12.0
RQ1-M2-2010-44 B C 4.9 1315.0 179.0 480800 10250 1133 11.3 2013 0.4 4.0 0.8 218.9 89.3 0.0468 0.0004 0.0012 0.332 0.011 0.017 0.0521 0.0017 0.0026 0.0468 0.3394 -0.06 294.7 7.2 296.7 13.0
RQ1-M2-2010-45 B C 4.3 1981.0 138.2 485200 10910 1777 10.7 2968 bdl 1.2 0.4 280.0 144.9 0.0458 0.0004 0.0011 0.321 0.008 0.015 0.0521 0.0012 0.0023 0.0457 0.3211 0.14 288.0 7.1 282.7 12.0
RQ1-M2-2010-46 B C 5.2 1235.0 176.4 499700 10280 1306 14.0 1973 bdl 1.9 0.4 202.7 95.8 0.0454 0.0004 0.0011 0.318 0.010 0.016 0.0515 0.0016 0.0026 0.0453 0.3137 0.16 285.7 7.0 277.0 12.0
RQ1-M2-2010-47 C C 5.7 890.0 120.0 481000 9970 710 22.2 1130 8.3 60.0 2.8 130.0 43.9 0.0459 0.0009 0.0014 0.411 0.016 0.022 0.0684 0.0032 0.0041 0.0451 0.3358 1.75 284.1 8.5 294.0 16.0
RQ1-M2-2010-48 C C 3.7 1028.0 118.9 481200 9930 1146 13.2 1639 bdl 2.1 0.4 160.3 81.1 0.0470 0.0004 0.0012 0.332 0.012 0.018 0.0519 0.0018 0.0027 0.0469 0.3263 0.17 295.3 7.3 286.8 14.0
RQ1-M2-2010-49 C C 3.5 812.0 116.5 503200 10940 1212 10.7 1594 0.1 1.9 0.4 164.2 74.9 0.0468 0.0004 0.0011 0.335 0.012 0.018 0.0527 0.0015 0.0025 0.0467 0.3321 0.14 294.5 7.0 291.2 14.0
RQ1-M2-2010-50 C D, I 17.7 2683.0 476.0 485000 10000 2233 23.6 4339 4.5 41.5 4.1 471.0 157.4 0.0462 0.0003 0.0011 0.384 0.011 0.019 0.0608 0.0019 0.0030 0.0457 0.3328 0.97 288.1 6.9 291.7 13.0
RQ1-M2-2010-51 C C 4.9 1637.0 163.3 496000 10190 1393 14.3 2098 bdl 1.7 0.8 241.8 81.8 0.0479 0.0005 0.0012 0.329 0.011 0.017 0.0518 0.0015 0.0025 0.0479 0.3355 0.11 301.3 7.5 293.8 13.0
 226 
 
 
 
Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
LC1-M4-2012-1 C C 2.6 120.2 70.0 483600 10476 142 4.5 951 bdl 3.7 0.5 0.5 75.5 63.9 0.0670 0.0007 0.0024 0.510 0.018 0.024 0.0549 0.0019 0.0030 0.0668 0.4793 0.34 416.6 14.0 397.6 16.0
LC1-M4-2012-2 C D, I 105.5 2650.0 178.0 481700 11560 1300 35.1 3438 28.6 185.1 304.0 10.7 393.7 169.1 0.0567 0.0029 0.0034 2.050 0.270 0.280 0.2430 0.0220 0.0240 0.0457 0.5696 19.34 288.3 21.0 457.8 96.0
LC1-M4-2012-3 B D, I 65.3 2170.0 149.0 487400 12800 1297 927.0 2298 9.0 50.1 85.7 2.9 215.0 153.6 0.0481 0.0003 0.0016 1.154 0.031 0.047 0.1752 0.0050 0.0087 0.0403 0.2161 16.27 254.6 10.0 198.6 23.0
LC1-M4-2012-4C C D 11.2 904.6 132.5 476400 11430 592 5.9 1242 1.5 12.2 21.1 0.7 123.4 67.8 0.0467 0.0004 0.0016 0.588 0.018 0.026 0.0911 0.0026 0.0045 0.0442 0.2800 5.44 278.8 9.9 250.6 16.0
LC1-M4-2012-4B B C 8.1 776.0 213.0 467500 11990 474 6.3 1301 0.3 31.5 7.8 2.3 129.8 74.8 0.0560 0.0010 0.0021 0.427 0.014 0.019 0.0555 0.0012 0.0026 0.0554 0.3574 1.05 347.7 13.0 310.2 14.0
LC1-M4-2012-5 C D 5.3 316.0 70.5 474900 11061 717 15.6 1223 0.5 4.0 7.5 0.4 120.9 61.5 0.0479 0.0007 0.0018 0.614 0.069 0.071 0.0941 0.0097 0.0100 0.0447 0.2407 6.58 282.0 11.0 219.0 45.0
LC1-M4-2012-6 C C 30.8 2025.0 197.3 462800 11710 834 35.3 1920 3.4 15.5 15.8 0.6 185.7 107.9 0.0484 0.0005 0.0017 0.774 0.028 0.036 0.1139 0.0034 0.0058 0.0448 0.3178 7.56 282.3 10.0 280.2 21.0
LC1-M4-2012-7 C D, I 9.0 815.0 103.7 488500 12674 2144 18.0 1596 1.0 5.1 8.2 0.3 146.5 99.6 0.0490 0.0005 0.0017 0.576 0.015 0.023 0.0850 0.0022 0.0041 0.0470 0.3373 3.99 296.0 10.0 295.1 15.0
LC1-M4-2012-8C.1 C D, I -1.7 1.0 2.5 -4 -3 5100 320.0 -1 -0.3 4.2 0.2 -0.6 -0.7 -0.3 – – – – – – – – – – 0.0 – 0.0
LC1-M4-2012-8C.2 C D 6.2 192.5 142.0 475800 10017 866 24.1 1700 bdl 2.5 5.4 0.3 179.0 74.0 0.0485 0.0009 0.0019 0.727 0.061 0.065 0.1071 0.0074 0.0086 0.0442 0.1879 9.01 278.6 11.0 174.9 39.0
LC1-M4-2012-9 C D, I 7.3 244.3 67.7 458400 8743 282 9.8 1089 10.3 37.6 27.1 2.3 112.8 52.3 0.1581 0.0011 0.0054 1.713 0.029 0.060 0.0802 0.0014 0.0035 0.1564 1.5328 1.07 936.8 30.0 943.6 23.0
LC1-M4-2012-10 R C 14.5 119.2 62.9 476100 9252 188 7.5 688 bdl 7.9 2.3 0.3 69.6 30.0 0.4638 0.0033 0.0160 10.460 0.120 0.340 0.1652 0.0014 0.0069 0.4637 10.5544 0.01 2456.0 70.0 2484.7 30.0
LC1-M4-2012-11C C D, I 424.5 461.1 454.8 447 433 414 450.0 461 436.2 447.6 425.2 445.5 434.9 437.5 0.2365 0.0023 0.0083 29.520 0.350 0.980 0.9082 0.0055 0.0370 – – – 43.0 – 33.0
LC1-M4-2012-11B B C 1.3 74.9 35.2 482600 7711 120 10.0 761 0.0 2.5 1.3 0.8 67.0 47.7 0.0667 0.0009 0.0024 0.513 0.028 0.032 0.0558 0.0030 0.0038 0.0667 0.5198 -0.08 416.4 15.0 425.0 21.0
LC1-M4-2012-12B B C 4.3 152.9 112.6 473400 8740 267 6.7 2169 bdl 5.1 3.5 1.6 196.9 112.9 0.0674 0.0006 0.0023 0.526 0.022 0.027 0.0561 0.0023 0.0032 0.0671 0.4799 0.50 418.4 14.0 398.0 18.0
LC1-M4-2012-12C C C 163.6 1569.0 978.0 453400 10578 456 6.5 2477 5.2 127.1 55.1 2.3 186.8 202.2 0.2834 0.0016 0.0097 4.247 0.056 0.140 0.1094 0.0015 0.0047 0.2803 3.8631 1.08 1593.1 48.0 1606.0 28.0
LC1-M4-2012-13 C D, I 46.0 2704.0 91.0 491300 13950 1055 17.2 1950 12.4 89.0 132.0 3.9 204.0 146.1 0.0454 0.0008 0.0017 0.810 0.120 0.120 0.1280 0.0160 0.0170 0.0410 0.2670 9.75 258.9 11.0 240.3 67.0
LC1-M4-2012-14C C C 21.2 2830.0 276.0 460100 12340 1263 14.3 2548 9.5 64.5 113.0 4.5 274.0 151.3 0.0461 0.0004 0.0016 0.483 0.028 0.032 0.0758 0.0041 0.0052 0.0445 0.2805 3.62 280.4 9.8 251.0 21.0
LC1-M4-2012-14B B C 5.6 704.0 95.7 487700 12360 1028 14.0 1669 0.9 6.3 13.1 0.4 163.7 92.3 0.0436 0.0005 0.0015 0.454 0.017 0.022 0.0758 0.0030 0.0043 0.0423 0.2997 2.96 266.9 9.5 266.2 15.0
LC1-M4-2012-15 C C 3.0 794.8 119.9 474000 11330 998 9.7 1593 bdl 1.0 2.3 0.1 152.5 89.3 0.0424 0.0003 0.0015 0.312 0.007 0.012 0.0533 0.0013 0.0025 0.0424 0.3043 0.15 267.4 9.0 269.7 9.4
LC1-M4-2012-16 C D, I 7.3 1640.0 167.8 474700 11800 885 37.7 2446 11.5 76.0 120.0 6.8 272.0 104.2 0.0306 0.0006 0.0012 0.290 0.013 0.015 0.0705 0.0032 0.0043 0.0298 0.2062 2.49 189.6 7.3 190.4 12.0
LC1-M4-2012-17 B C 12.6 1276.0 332.0 443700 10265 743 25.2 3930 7.7 65.3 87.6 8.0 434.0 156.5 0.0535 0.0011 0.0021 0.417 0.014 0.019 0.0572 0.0013 0.0026 0.0529 0.3492 1.12 332.3 13.0 304.1 14.0
LC1-M4-2012-18C C D, I 430.7 466.9 460.6 451 441 415 455.0 466 442.8 455.1 433.4 451.4 441.3 443.3 0.2360 0.0026 0.0083 29.210 0.350 0.970 0.9034 0.0052 0.0370 – – – 44.0 – 32.0
LC1-M4-2012-18R R C 6.0 180.3 83.9 476000 7517 159 11.3 1064 bdl 3.9 2.4 1.1 84.7 77.1 0.0705 0.0012 0.0027 1.040 0.140 0.150 0.1020 0.0120 0.0130 0.0655 0.3783 7.12 408.9 16.0 325.8 68.0
LC1-M4-2012-19 B C 5.7 210.0 144.8 472500 9572 199 5.4 1631 bdl 4.4 2.5 1.2 133.8 105.9 0.0677 0.0006 0.0023 0.513 0.018 0.024 0.0553 0.0019 0.0030 0.0673 0.4626 0.65 419.7 14.0 386.1 16.0
LC1-M4-2012-20 B D, I 54.0 3666.0 86.3 479100 14750 1133 29.8 2537 17.6 91.0 179.0 4.2 239.0 198.9 0.0463 0.0012 0.0019 0.750 0.100 0.100 0.1140 0.0130 0.0140 0.0427 0.2907 7.82 269.4 12.0 259.1 62.0
LC1-M4-2012-21 R C 11.5 1398.0 202.0 492900 12920 1027 17.6 1772 1.8 13.4 19.9 1.4 156.7 122.0 0.0441 0.0007 0.0017 0.515 0.029 0.033 0.0853 0.0036 0.0050 0.0427 0.3441 3.28 269.3 10.0 300.3 22.0
LC1-M4-2012-22 C D 9.0 988.0 144.2 475100 11160 560 7.2 933 1.0 18.8 4.1 0.6 82.1 63.7 0.0560 0.0010 0.0021 0.461 0.011 0.018 0.0608 0.0012 0.0028 0.0547 0.3117 2.32 343.3 13.0 275.5 12.0
LC1-M4-2012-23 R D 5.5 390.9 83.0 467900 10068 742 27.7 1249 2.9 19.3 8.7 1.0 118.1 68.4 0.0654 0.0007 0.0023 0.607 0.019 0.027 0.0688 0.0023 0.0036 0.0636 0.4018 2.74 397.5 14.0 343.0 17.0
LC1-M4-2012-24 R D 22.1 2020.0 90.9 474200 12100 1064 15.0 2120 6.0 36.6 63.0 2.6 238.0 91.7 0.0466 0.0004 0.0016 0.618 0.018 0.026 0.0972 0.0026 0.0048 0.0437 0.2719 6.27 275.7 9.9 244.2 16.0
LC1-M4-2012-25 B C 7.3 1074.0 111.4 464000 9890 999 11.3 1442 1.4 4.9 4.5 0.4 150.2 71.4 0.0479 0.0003 0.0016 0.445 0.010 0.017 0.0687 0.0016 0.0032 0.0467 0.3179 2.34 294.5 10.0 280.3 12.0
LC1-M4-2012-26 C D, I 429.7 467.2 458.6 451 434 415 454.6 466 444.5 458.6 431.5 449.8 441.1 441.7 0.2333 0.0024 0.0082 28.690 0.350 0.950 0.9081 0.0052 0.0370 – – – 43.0 – 32.0
LC1-M4-2012-27C C C 0.7 46.9 19.5 478700 7503 132 11.6 599 bdl 2.1 0.9 0.6 53.5 37.6 0.0674 0.0011 0.0025 0.522 0.037 0.040 0.0564 0.0039 0.0045 0.0675 0.5405 -0.20 421.3 15.0 438.7 27.0
LC1-M4-2012-27R R C 1.0 62.5 25.6 474400 9930 115 5.4 517 bdl 2.4 0.3 0.3 39.6 38.1 0.0668 0.0010 0.0024 0.501 0.028 0.032 0.0551 0.0033 0.0040 0.0665 0.4774 0.37 415.2 15.0 396.3 23.0
LC1-M4-2012-28 B C 25.7 1504.0 67.4 469300 11946 943 11.9 1704 3.0 18.6 39.4 1.2 193.7 77.3 0.0483 0.0003 0.0016 0.817 0.022 0.034 0.1245 0.0032 0.0060 0.0438 0.2834 9.34 276.0 9.8 253.4 19.0
LC1-M4-2012-29C C C 2.2 749.6 74.2 454900 11343 629 5.0 1053 0.5 1.9 1.9 0.1 101.7 47.0 0.0444 0.0003 0.0015 0.316 0.007 0.012 0.0530 0.0013 0.0025 0.0443 0.3117 0.24 279.3 9.4 275.5 9.4
LC1-M4-2012-29B B D, I 32.4 776.0 118.5 482300 12030 948 34400.0 1604 2.2 10.6 19.0 0.5 163.9 85.4 0.0542 0.0008 0.0020 1.423 0.059 0.074 0.1946 0.0061 0.0100 0.0429 0.0938 20.71 271.0 12.0 91.0 30.0
LC1-M4-2012-30 B C 5.1 5100.0 85.2 457800 12820 1562 4.5 2414 0.7 4.8 7.2 0.3 203.8 186.1 0.0428 0.0002 0.0015 0.314 0.004 0.010 0.0543 0.0007 0.0023 0.0426 0.3007 0.37 269.0 9.0 266.9 8.1
LC1-M4-2012-31B B C 20.6 754.0 406.6 452900 9691 685 14.7 2136 5.7 32.9 49.0 1.2 235.8 92.1 0.0459 0.0006 0.0016 0.716 0.073 0.076 0.1150 0.0110 0.0120 0.0420 0.2528 8.57 264.9 10.0 228.8 45.0
LC1-M4-2012-31C C C 20.7 554.4 286.0 491900 10900 567 24.5 1633 9.6 57.0 107.0 3.2 203.0 67.9 0.0478 0.0020 0.0026 1.150 0.310 0.310 0.1670 0.0360 0.0370 0.0408 0.2541 14.66 257.7 16.0 229.9 120.0
LC1-M4-2012-51 US D, I 12.2 934.0 415.5 482500 11193 766 3.0 499 11.3 63.8 11.0 1.6 35.9 49.5 0.0497 0.0004 0.0017 0.377 0.007 0.014 0.0540 0.0012 0.0025 0.0495 0.3470 0.38 311.2 11.0 302.4 10.0
LC1-M4-2012-52 US D, I 425.8 459.7 459.5 453 434 410 450.0 462 442.0 456.1 429.5 447.9 440.1 437.1 0.2323 0.0024 0.0082 29.650 0.350 0.980 0.9115 0.0047 0.0370 – – – 43.0 – 33.0
LC1-M4-2012-53 B C 3.2 131.0 86.0 487600 8373 347 10.1 1348 bdl 6.4 1.4 0.8 112.0 77.5 0.0674 0.0007 0.0024 0.542 0.019 0.026 0.0582 0.0022 0.0033 0.0674 0.5467 -0.07 420.7 14.0 442.9 17.0
LC1-M4-2012-54 R (M) Ex 3.3 171.9 85.6 486100 7064 198 13.0 1467 bdl 3.4 2.7 1.2 120.7 99.8 0.0671 0.0006 0.0023 0.509 0.018 0.024 0.0550 0.0020 0.0030 0.0668 0.4782 0.37 416.9 14.0 396.9 16.0
LC1-M4-2012-55 C C 10.4 511.0 96.7 480400 9520 458 5.2 1880 bdl 10.6 2.7 1.0 180.4 93.6 0.1060 0.0031 0.0047 1.293 0.047 0.061 0.0877 0.0013 0.0038 0.1034 0.9631 2.42 634.5 27.0 684.9 27.0
LC1-M4-2012-56 B D 5.0 455.0 149.0 475800 11180 805 29.9 1533 0.2 2.0 3.1 0.1 152.3 70.5 0.0450 0.0005 0.0016 0.416 0.015 0.020 0.0663 0.0025 0.0037 0.0442 0.3232 1.62 279.1 9.8 284.3 14.0
LC1-M4-2012-57 R C 7.2 218.0 232.0 486800 9940 1135 29.9 2890 0.2 3.9 10.0 0.3 298.0 119.5 0.0439 0.0008 0.0017 0.610 0.035 0.040 0.0985 0.0055 0.0068 0.0418 0.3393 4.86 264.0 10.0 296.6 25.0
LC1-M4-2012-58 R D 13.7 190.7 68.8 472500 11510 479 19.2 892 2.1 21.0 26.3 3.9 109.0 42.4 0.1983 0.0031 0.0073 3.100 0.077 0.120 0.1137 0.0026 0.0053 0.1898 2.0115 4.27 1120.5 39.0 1119.4 30.0
LC1-M4-2012-59 R (M) Ex 17.1 4550.0 87.3 483400 14750 1713 14.8 2900 7.4 53.6 73.0 3.6 255.0 242.0 0.0430 0.0004 0.0015 0.391 0.012 0.017 0.0664 0.0024 0.0036 0.0422 0.2943 1.92 266.2 9.4 261.9 12.0
LC1-M4-2012-60 C C 1.4 76.1 39.1 489500 7582 137 10.2 909 bdl 2.8 2.0 1.0 81.7 54.5 0.0664 0.0011 0.0025 0.504 0.032 0.035 0.0556 0.0034 0.0041 0.0667 0.5473 -0.47 416.3 15.0 443.2 24.0
LC1-M4-2012-61 C C 10.4 165.4 138.7 473800 10350 208 21.5 931 bdl 18.0 1.9 0.8 86.2 51.0 0.1024 0.0012 0.0036 1.231 0.071 0.080 0.0897 0.0050 0.0062 0.0980 0.7210 4.30 602.7 21.0 551.3 37.0
LC1-M4-2012-62 B C 8.8 247.7 90.8 484900 11085 216 9.3 666 bdl 12.5 0.9 0.2 58.9 40.2 0.1733 0.0011 0.0059 1.754 0.031 0.062 0.0733 0.0013 0.0033 0.1730 1.7175 0.15 1028.8 33.0 1015.1 23.0
LC1-M4-2012-63 C D, I 6.5 519.0 39.1 230000 6180 1460 580.0 833 5470.0 8210.0 1911.0 3.5 111.3 40.6 0.0500 0.0009 0.0019 0.698 0.038 0.043 0.1009 0.0042 0.0059 0.0468 0.3146 6.30 295.0 12.0 277.8 26.0
LC1-M4-2012-64 C C 5.7 368.0 62.3 484500 12390 1213 6.8 2408 bdl 0.4 1.5 0.0 233.4 99.3 0.1640 0.0014 0.0057 1.600 0.023 0.055 0.0708 0.0010 0.0030 0.1638 1.5802 0.10 978.1 31.0 962.4 21.0
LC1-M4-2012-65 C C 4.7 519.0 100.2 505400 11196 517 9.2 1135 0.4 5.5 5.1 0.2 112.3 49.7 0.0539 0.0019 0.0026 0.519 0.018 0.024 0.0723 0.0017 0.0034 0.0530 0.4306 1.63 333.0 16.0 363.6 17.0
LC1-M4-2012-66 R (M) C 16.6 1443.0 86.2 466000 11750 1181 6.2 1785 2.3 14.4 19.8 0.8 167.7 99.7 0.0487 0.0006 0.0017 0.606 0.015 0.024 0.0912 0.0020 0.0042 0.0461 0.3001 5.31 290.8 11.0 266.5 15.0
LC1-M4-2012-67 R C 18.5 1772.0 611.0 497100 11410 1011 6.9 3044 1.3 15.9 17.6 0.6 303.6 144.0 0.0428 0.0004 0.0015 0.352 0.011 0.015 0.0600 0.0014 0.0028 0.0423 0.2908 1.23 267.2 9.2 259.2 11.0
LC1-M4-2012-68 C D, I 19.7 0.5 0.7 21 1 208 183300.0 2 6.6 9.6 2.9 2.7 0.3 0.0 – – – – – – – – – – 0.0 – 0.0
LC1-M4-2012-69 B C 0.8 760.0 29.0 468500 11600 638 4.0 862 bdl 0.2 0.4 0.0 81.7 25.2 0.0448 0.0005 0.0016 0.319 0.009 0.013 0.0528 0.0016 0.0027 0.0448 0.3256 0.01 282.3 9.8 286.2 11.0
LC1-M4-2012-70 B C 6.2 1290.0 91.0 462000 12790 822 8.1 1617 0.2 3.4 2.3 0.2 132.6 143.8 0.0643 0.0018 0.0028 0.565 0.028 0.033 0.0656 0.0017 0.0032 0.0637 0.5079 0.94 398.1 17.0 417.1 21.0
LC1-M4-2012-71 C C 5.1 1151.0 139.2 500500 11890 805 17.3 1674 2.0 19.5 28.3 1.0 162.5 98.0 0.0442 0.0006 0.0016 0.367 0.014 0.018 0.0610 0.0022 0.0033 0.0438 0.3193 0.98 276.1 9.8 281.4 14.0
LC1-M2-2012-1 B C 19.9 732.0 91.4 467500 13030 534 10.4 1161 5.6 41.6 73.0 2.7 119.7 71.7 0.0768 0.0031 0.0035 1.229 0.086 0.100 0.1155 0.0058 0.0065 0.0707 0.4792 7.91 440.5 21.0 397.5 46.0
LC1-M2-2012-2 B C 5.5 610.0 75.4 458800 12220 630 8.4 792 0.3 2.4 3.7 0.2 71.2 57.5 0.0489 0.0009 0.0013 0.545 0.023 0.033 0.0818 0.0033 0.0039 0.0474 0.3684 3.09 298.3 8.0 318.5 21.0
LC1-M2-2012-3 B C 2.2 504.0 81.3 458400 11060 935 12.3 1272 bdl 0.8 2.0 0.1 120.3 72.2 0.0451 0.0004 0.0010 0.321 0.010 0.017 0.0510 0.0016 0.0020 0.0451 0.3152 0.03 284.2 6.1 278.2 13.0
LC1-M2-2012-4 B C 2.4 518.0 80.2 418600 9980 959 13.5 1355 bdl 1.0 2.2 0.2 127.6 75.8 0.0434 0.0003 0.0009 0.341 0.009 0.017 0.0562 0.0014 0.0020 0.0432 0.3143 0.42 272.5 5.6 277.5 13.0
LC1-M2-2012-5 R C 2.2 1377.0 86.6 458800 11590 1314 5.5 1978 bdl 0.6 1.1 0.1 167.9 143.9 0.0480 0.0004 0.0010 0.347 0.005 0.016 0.0519 0.0008 0.0015 0.0481 0.3479 -0.07 302.7 6.3 303.1 12.0
LC1-M2-2012-6 B D 11.4 677.0 73.3 465400 10690 458 10.1 851 0.2 9.6 3.2 0.3 74.9 56.9 0.1067 0.0028 0.0035 1.378 0.048 0.076 0.0916 0.0013 0.0026 0.1041 1.0187 2.48 638.1 21.0 713.2 32.0
LC1-M2-2012-7 B C 2.7 120.9 71.3 463800 9882 841 14.6 1489 bdl 2.1 3.5 0.1 148.1 71.2 0.0472 0.0008 0.0012 0.490 0.040 0.045 0.0749 0.0057 0.0060 0.0458 0.3090 3.13 288.4 7.7 273.4 31.0
LC1-M2-2012-8 C C 2.4 289.0 96.3 499000 11320 735 16.7 1435 bdl 1.6 3.1 0.2 150.9 65.1 0.0447 0.0005 0.0010 0.339 0.018 0.023 0.0537 0.0028 0.0031 0.0447 0.3266 0.08 281.8 6.2 286.9 18.0
LC1-M2-2012-9 B C 5.7 457.0 199.0 440900 8380 432 10.4 1282 0.1 4.8 3.2 0.3 131.3 55.7 0.0452 0.0005 0.0010 0.336 0.019 0.024 0.0546 0.0032 0.0034 0.0450 0.3251 0.27 283.9 6.3 285.9 18.0
LC1-M2-2012-10 B C 12.5 632.0 314.0 444000 8500 731 11.7 1693 2.2 15.3 26.0 0.8 184.0 74.2 0.0467 0.0005 0.0011 0.527 0.022 0.032 0.0832 0.0034 0.0040 0.0452 0.3572 3.16 284.9 6.5 310.1 21.0
LC1-M2-2012-11 C C 1.7 297.0 69.6 463500 11300 742 11.3 1331 0.0 0.9 1.5 0.1 134.4 57.5 0.0438 0.0005 0.0010 0.318 0.010 0.017 0.0533 0.0019 0.0023 0.0438 0.3264 -0.09 276.6 6.1 286.8 13.0
LC1-M2-2012-12 B C 3.7 137.9 152.4 473200 9210 558 25.3 1412 bdl 4.7 7.8 0.7 158.5 54.4 0.0435 0.0007 0.0011 0.316 0.028 0.031 0.0513 0.0034 0.0036 0.0434 0.2965 0.21 273.7 6.6 263.6 16.0
LC1-M2-2012-13 C C 2.6 645.0 98.9 461500 11230 901 10.0 1359 bdl 0.9 2.0 0.1 130.7 75.3 0.0437 0.0004 0.0009 0.322 0.007 0.015 0.0536 0.0012 0.0018 0.0437 0.3151 0.15 275.6 5.7 278.1 12.0
LC1-M2-2012-14 R (M) Ex 3.9 181.1 101.3 478700 9950 478 24.8 927 bdl 3.8 3.1 0.2 95.2 43.5 0.0476 0.0006 0.0011 0.590 0.049 0.055 0.0880 0.0067 0.0070 0.0457 0.3450 4.05 288.1 7.0 300.9 34.0
LC1-M2-2012-15 C D 15.7 891.0 114.1 445300 10220 1239 18.2 2065 1.2 9.2 18.9 0.7 206.2 108.9 0.0541 0.0006 0.0012 0.786 0.016 0.037 0.1070 0.0022 0.0034 0.0502 0.3245 7.23 315.7 7.5 285.3 21.0
LC1-M2-2012-16 C C 6.7 258.0 172.0 436000 9480 972 22.3 1920 bdl 2.2 6.1 0.2 201.5 83.3 0.0464 0.0008 0.0012 0.593 0.059 0.064 0.0917 0.0081 0.0084 0.0441 0.3103 4.94 278.5 7.3 274.4 39.0
LC1-M2-2012-17 R (M) Ex 6.4 787.0 125.5 481300 11940 955 9.3 1699 0.4 3.0 6.7 0.4 171.4 87.2 0.0453 0.0006 0.0010 0.456 0.027 0.033 0.0724 0.0043 0.0046 0.0441 0.3088 2.62 278.3 6.4 273.2 21.0
LC1-M2-2012-18 C D, I 7.9 1635.0 201.2 458800 13540 2796 8.3 5850 0.7 5.1 16.5 0.3 582.0 337.3 0.0582 0.0005 0.0012 0.468 0.009 0.022 0.0587 0.0010 0.0018 0.0579 0.4409 0.42 362.9 7.5 370.9 15.0
 227 
 
Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
LC1-M2-2012-19 C D, I 8.0 1817.0 197.8 443700 12740 2842 4.2 5209 0.2 2.1 3.4 0.1 453.4 373.2 0.0612 0.0006 0.0014 0.464 0.008 0.021 0.0557 0.0009 0.0016 0.0611 0.4519 0.25 382.2 8.2 378.6 15.0
LC1-M2-2012-20 C C 9.0 988.0 82.6 458400 11040 599 14.2 1186 bdl 8.9 1.1 0.1 99.7 75.1 0.0853 0.0038 0.0042 0.831 0.047 0.059 0.0695 0.0013 0.0022 0.0839 0.6497 1.60 519.6 25.0 508.3 32.0
LC1-M2-2012-21 (M) Ex 3.1 330.5 99.3 439000 9960 565 14.4 903 bdl 2.0 2.4 0.1 90.4 47.5 0.0538 0.0013 0.0016 0.420 0.020 0.027 0.0566 0.0020 0.0025 0.0539 0.4354 -0.24 338.6 10.0 367.0 19.0
LC1-M2-2012-22 (M) Ex 7.9 674.0 302.0 464500 10460 1126 28.8 2392 0.2 3.9 9.6 0.4 256.0 103.0 0.0438 0.0005 0.0010 0.354 0.009 0.018 0.0588 0.0014 0.0020 0.0437 0.3478 0.13 275.9 6.1 303.1 13.0
LC1-M2-2012-23 B (M) Ex 16.8 645.0 27.2 468500 9620 418 12.7 744 1.8 21.7 18.6 0.8 73.3 48.5 0.0833 0.0034 0.0038 1.390 0.110 0.120 0.1197 0.0057 0.0065 0.0770 0.6014 7.56 478.2 23.0 478.2 53.0
LC1-M2-2012-24 B D, I 112.0 2803.0 1137.0 447900 12970 1487 760.0 1948 10.9 66.7 100.6 3.1 209.9 114.6 0.0541 0.0013 0.0017 1.416 0.063 0.087 0.1932 0.0055 0.0073 0.0469 0.5703 13.28 295.5 10.0 458.2 36.0
LC1-M2-2012-25 B D, I 39.9 2070.0 566.0 475800 12470 1643 58.0 2365 37.4 116.0 83.0 1.6 220.0 167.7 0.0423 0.0006 0.0010 0.657 0.028 0.039 0.1270 0.0049 0.0058 0.0395 0.4116 6.45 250.0 6.5 350.1 23.0
LC1-M2-2012-26 B D, I 16.3 14410.0 237.4 428300 12320 4164 103.0 6181 26.7 162.0 174.0 2.9 574.0 469.9 0.0310 0.0003 0.0007 0.241 0.005 0.011 0.0558 0.0010 0.0017 0.0307 0.2109 0.74 195.1 4.2 194.3 9.2
LC1-M2-2012-27 B (M) Ex 9.4 2680.0 79.4 481400 13410 1244 14.4 2065 0.7 3.7 3.8 0.3 160.1 182.4 0.0440 0.0009 0.0013 0.405 0.010 0.020 0.0664 0.0014 0.0021 0.0433 0.3145 1.67 273.1 7.9 277.7 14.0
LC1-M2-2012-28 B (2) Ex 3.9 512.0 153.0 470300 10060 774 10.0 2080 bdl 3.0 4.1 0.5 215.0 84.6 0.0437 0.0004 0.0010 0.335 0.009 0.017 0.0554 0.0016 0.0021 0.0436 0.3241 0.18 275.0 5.9 285.1 13.0
LC1-M2-2012-29 B (2) Ex 4.8 288.0 187.0 474000 10210 1199 19.6 2600 bdl 2.8 8.0 0.3 273.0 106.4 0.0437 0.0005 0.0010 0.304 0.011 0.017 0.0509 0.0018 0.0022 0.0438 0.3154 -0.17 276.1 6.0 278.4 13.0
LC1-M2-2012-30 R (2) Ex 1.7 493.0 47.9 470200 11760 549 5.2 880 bdl 0.8 0.5 0.0 81.4 47.1 0.0439 0.0004 0.0010 0.338 0.015 0.021 0.0552 0.0022 0.0026 0.0437 0.3078 0.50 275.6 5.9 272.5 15.0
LC1-M2-2012-31 B C 4.4 586.0 116.3 439300 10130 879 30.2 1576 0.3 3.0 4.5 0.2 156.8 75.8 0.0489 0.0009 0.0013 0.433 0.044 0.047 0.0661 0.0065 0.0067 0.0480 0.3431 1.73 302.4 7.9 299.5 29.0
LC1-M2-2012-32 C D, I 39.6 702.0 372.7 442800 10560 1228 147.0 1580 7.7 73.5 26.2 0.9 144.8 93.7 0.1564 0.0027 0.0041 1.790 0.066 0.100 0.0818 0.0021 0.0029 0.1538 1.4310 1.67 922.1 22.0 902.0 36.0
LC1-M2-2012-33 B C 5.9 970.0 140.7 467000 10700 1192 12.9 2075 0.2 2.2 4.7 0.2 213.4 105.5 0.0501 0.0007 0.0012 0.423 0.014 0.023 0.0611 0.0020 0.0025 0.0494 0.3411 1.33 310.8 7.4 298.0 16.0
LC1-M2-2012-34 R C 3.7 399.0 93.3 459300 10440 1120 11.8 1793 0.1 2.0 3.1 0.1 169.9 91.5 0.0539 0.0011 0.0015 0.462 0.020 0.028 0.0614 0.0028 0.0031 0.0534 0.3901 1.01 335.1 9.2 334.5 19.0
LC1-M2-2012-35B B C 4.7 517.7 129.2 452400 10150 992 15.1 1357 bdl 1.9 3.1 0.2 135.3 69.0 0.0526 0.0012 0.0016 0.425 0.015 0.024 0.0600 0.0018 0.0023 0.0522 0.3926 0.67 328.3 9.7 336.3 17.0
LC1-M2-2012-35R R D 12.5 149.9 81.8 461300 8200 389 18.9 990 bdl 32.6 2.4 1.3 85.1 67.8 0.2574 0.0046 0.0068 3.680 0.100 0.190 0.1045 0.0023 0.0035 0.2555 3.4537 0.74 1466.7 35.0 1516.7 40.0
LC1-M2-2012-36 B C 21.3 3890.0 62.3 452000 13850 1217 5.6 1704 7.5 27.7 32.8 1.1 141.7 150.5 0.0442 0.0002 0.0009 0.466 0.014 0.024 0.0760 0.0020 0.0028 0.0428 0.2997 3.06 270.2 5.5 266.2 17.0
LC1-M2-2012-37B B D 24.2 1640.0 87.5 460600 11110 853 18.6 1740 5.8 40.6 78.0 4.0 189.0 96.0 0.0498 0.0007 0.0012 0.726 0.027 0.041 0.1052 0.0043 0.0051 0.0451 0.1613 9.31 284.5 7.4 151.8 24.0
LC1-M2-2012-37C C C 5.9 242.5 140.7 471300 8900 316 9.6 1275 bdl 6.4 3.0 0.6 122.8 60.6 0.0692 0.0006 0.0015 0.562 0.025 0.035 0.0586 0.0025 0.0029 0.0688 0.5049 0.64 428.7 9.0 415.0 23.0
LC1-M2-2012-38 R C 41.2 943.0 361.0 454100 12080 551 16.9 1619 9.0 68.5 109.7 3.6 180.7 80.8 0.0669 0.0008 0.0015 1.479 0.086 0.110 0.1595 0.0079 0.0088 0.0580 0.3942 13.21 363.6 9.2 337.4 44.0
LC1-M2-2010-1C C C 3.5 465.0 112.4 483800 11190 337 3.6 753 bdl 3.4 0.1 72.5 35.6 0.0448 0.0005 0.0012 0.330 0.014 0.019 0.0529 0.0022 0.0030 0.0445 0.2941 0.61 280.9 7.3 261.8 15.0
LC1-M2-2010-1R R D, I 30.9 1705.0 93.7 476000 11920 882 15.0 1798 12.3 72.9 5.3 216.0 68.1 0.0492 0.0007 0.0013 0.816 0.027 0.042 0.1200 0.0039 0.0060 0.0444 0.2302 9.82 280.1 8.2 210.4 24.0
LC1-M2-2010-2C C C 6.5 320.0 195.7 499200 10400 463 13.2 1091 0.5 8.9 0.6 118.4 49.3 0.0462 0.0008 0.0013 0.488 0.029 0.035 0.0759 0.0044 0.0053 0.0449 0.3361 2.64 283.3 8.3 294.2 23.0
LC1-M2-2010-2R R C 9.3 1424.0 91.9 452100 11800 1819 9.8 1595 7.5 39.6 1.3 146.3 94.2 0.0456 0.0004 0.0011 0.469 0.018 0.026 0.0743 0.0036 0.0046 0.0443 0.3160 2.75 279.7 6.9 278.8 18.0
LC1-M2-2010-3 C D, I 283.0 149.0 510.0 375 27 338000 343.0 7400 2860.0 8060.0 43.3 1490.0 58.0 0.6300 0.1500 0.1500 63.000 16.000 16.000 0.6660 0.0180 0.0310 0.2086 66.89 1221.3 590.0 290.0
LC1-M2-2010-4 B D, I 18.7 2980.0 87.7 501000 12180 1327 17.2 2930 30.2 113.0 6.4 302.0 138.0 0.0395 0.0008 0.0012 0.421 0.014 0.022 0.0810 0.0022 0.0038 0.0381 0.2692 3.61 240.8 7.5 242.1 15.0
LC1-M2-2010-5U/C U-C D 6.5 427.1 234.6 493200 9880 526 15.2 1525 0.5 9.3 0.6 162.9 56.8 0.0448 0.0005 0.0012 0.375 0.016 0.021 0.0609 0.0026 0.0035 0.0446 0.3521 0.44 281.2 7.2 306.3 16.0
LC1-M2-2010-5B B C 8.7 922.0 251.5 513800 10820 905 13.6 1733 4.7 16.4 0.3 176.2 67.8 0.0437 0.0005 0.0011 0.398 0.016 0.022 0.0666 0.0031 0.0040 0.0430 0.3165 1.60 271.1 7.0 279.2 16.0
LC1-M2-2010-6 C D 16.6 809.0 445.0 501900 11040 447 12.1 1455 2.1 22.2 1.0 166.0 60.2 0.0503 0.0011 0.0016 0.634 0.050 0.055 0.0943 0.0051 0.0062 0.0484 0.4225 3.81 304.6 9.7 357.8 33.0
LC1-M2-2010-7C C C 14.9 876.0 141.0 494900 10730 737 5.7 1900 0.2 24.9 0.9 174.8 111.5 0.0596 0.0038 0.0041 0.740 0.067 0.073 0.0716 0.0021 0.0035 0.0576 0.3435 3.38 360.9 25.0 299.8 42.0
LC1-M2-2010-7R R C 15.3 6160.0 64.5 476000 13610 1878 7.9 2929 2.7 16.9 1.2 236.6 228.3 0.0422 0.0006 0.0011 0.348 0.018 0.022 0.0614 0.0022 0.0032 0.0417 0.2957 1.21 263.4 7.0 263.0 16.0
LC1-M2-2010-8C C C 4.8 130.6 43.6 504000 10750 197 15.0 756 0.5 12.6 0.3 75.0 35.3 0.1514 0.0016 0.0039 1.630 0.061 0.087 0.0784 0.0026 0.0040 0.1502 1.4816 0.81 902.0 22.0 922.9 33.0
LC1-M2-2010-8R R C 22.7 5280.0 90.8 512400 16590 1780 25.7 2792 5.3 31.0 1.5 216.8 254.7 0.0411 0.0003 0.0010 0.412 0.038 0.041 0.0714 0.0055 0.0062 0.0403 0.3038 2.03 254.4 6.3 269.4 28.0
LC1-M2-2010-9C C C 11.9 415.0 235.0 499500 8450 230 15.0 888 1.2 29.4 0.2 87.4 39.9 0.0824 0.0014 0.0024 0.645 0.026 0.036 0.0585 0.0017 0.0028 0.0830 0.7337 -0.68 513.8 14.0 558.7 22.0
LC1-M2-2010-9R R C 12.0 4341.0 176.0 490600 12710 1611 39.1 2261 1.4 10.1 0.6 187.2 179.6 0.0465 0.0006 0.0012 0.382 0.006 0.016 0.0609 0.0013 0.0027 0.0461 0.3398 0.90 290.5 7.5 297.0 12.0
LC1-M2-2010-10 C D 6.0 456.0 108.1 496900 11730 619 9.3 1007 2.3 26.4 0.6 85.0 62.5 0.0587 0.0016 0.0021 0.490 0.024 0.030 0.0550 0.0025 0.0033 0.0577 0.3295 1.62 361.9 12.0 289.2 20.0
LC1-M2-2010-11B B D 9.9 455.0 207.1 499900 9870 698 18.1 1782 0.9 10.0 0.7 196.7 71.8 0.0404 0.0007 0.0011 0.688 0.038 0.046 0.1006 0.0053 0.0066 0.0394 0.4344 2.60 249.0 7.1 366.3 28.0
LC1-M2-2010-11R R C 19.0 6240.0 155.0 458000 12760 1758 16.4 3030 9.5 75.1 8.5 286.4 221.4 0.0392 0.0010 0.0014 0.353 0.029 0.032 0.0663 0.0031 0.0040 0.0386 0.2883 1.48 244.3 8.6 257.2 23.0
LC1-M2-2010-12 C C 7.5 259.6 75.5 505300 10790 238 5.1 358 0.9 15.5 0.7 34.2 29.7 0.0758 0.0025 0.0031 0.986 0.068 0.077 0.0983 0.0061 0.0071 0.0721 0.5803 4.82 449.1 18.0 464.7 39.0
LC1-M2-2010-13 C D, I 1056.0 1666.0 52700.0 514300 12340 93600 15.4 6560 90800.0 194500.0 87.9 1761.0 87.5 0.0436 0.0006 0.0012 0.465 0.016 0.024 0.0820 0.0031 0.0044 0.0289 33.76 183.5 7.3 17.0
LC1-M2-2010-14C C D 5.1 532.0 179.0 499500 10710 930 13.0 1990 0.3 3.1 0.3 204.0 85.7 0.0476 0.0006 0.0013 0.383 0.015 0.021 0.0582 0.0028 0.0036 0.0467 0.2776 1.82 294.5 7.9 248.8 16.0
LC1-M2-2010-14R R C 23.3 2870.0 149.7 518500 13160 1785 10.9 3180 4.6 24.5 1.3 280.0 183.5 0.0354 0.0003 0.0009 0.492 0.022 0.029 0.0830 0.0037 0.0049 0.0339 0.2204 4.34 214.6 5.6 202.2 20.0
LC1-M2-2010-15 C D 4.8 303.6 118.8 510400 10730 926 21.4 1508 0.5 4.1 0.4 157.0 70.1 0.0495 0.0010 0.0016 0.537 0.066 0.069 0.0772 0.0074 0.0079 0.0470 0.2301 4.96 296.4 9.4 210.3 42.0
LC1-M2-2010-16 B D 17.5 1361.0 110.6 527000 12540 802 10.6 1527 3.2 23.7 0.7 159.1 60.6 0.0437 0.0005 0.0011 0.592 0.076 0.079 0.0980 0.0100 0.0110 0.0401 0.1571 8.22 253.4 7.0 148.1 47.0
LC1-M2-2010-17 C C 3.5 811.0 33.6 529000 13500 554 34.0 849 0.4 3.5 0.1 84.3 30.4 0.0433 0.0006 0.0012 0.361 0.024 0.028 0.0662 0.0044 0.0051 0.0423 0.2692 2.42 267.0 7.1 242.0 21.0
LC1-M2-2010-18C C D 2.6 142.9 94.3 516800 10450 846 18.8 1393 bdl 1.7 0.1 140.7 65.8 0.0447 0.0010 0.0015 0.320 0.029 0.032 0.0544 0.0050 0.0054 0.0436 0.2012 2.49 275.0 8.9 186.1 25.0
LC1-M2-2010-18R R C 2.7 239.4 88.9 487400 10550 792 20.3 1206 0.2 1.9 0.1 121.9 56.7 0.0469 0.0007 0.0013 0.393 0.022 0.027 0.0617 0.0035 0.0042 0.0461 0.3020 1.71 290.5 7.9 268.0 20.0
LC1-M2-2010-19C C C 4.0 1689.0 148.0 500000 12020 948 6.3 1788 1.1 8.7 0.7 166.3 100.7 0.0438 0.0004 0.0011 0.312 0.009 0.015 0.0535 0.0013 0.0024 0.0437 0.3063 0.32 275.6 6.7 271.3 11.0
LC1-M2-2010-19R R C 3.6 1843.0 17.3 433700 12460 806 3.5 946 0.5 3.1 0.2 71.3 89.3 0.0465 0.0004 0.0011 0.382 0.011 0.018 0.0598 0.0016 0.0028 0.0460 0.3219 1.10 290.1 7.0 283.4 14.0
LC1-M2-2010-20U/C.1 U-C C 25.4 1075.0 885.0 476300 8610 475 6.9 3340 1.0 26.5 1.3 362.0 127.1 0.0362 0.0005 0.0010 0.408 0.014 0.021 0.0668 0.0020 0.0032 0.0354 0.2319 2.34 224.0 6.2 211.7 15.0
LC1-M2-2010-20U/C.2 U-C D 12.2 773.0 262.0 493400 10850 560 9.0 1432 5.2 28.1 0.7 153.9 57.1 0.0445 0.0007 0.0012 0.494 0.047 0.051 0.0765 0.0069 0.0075 0.0409 0.0345 8.10 258.4 7.7 34.4 31.0
LC1-M2-2010-21.C C D 29.6 821.0 727.0 524200 10400 424 10.7 3060 2.2 25.8 1.3 315.0 118.6 0.0464 0.0009 0.0014 0.820 0.130 0.140 0.1170 0.0140 0.0150 0.0386 16.87 244.0 8.5 65.0
LC1-M2-2010-21.B B C 33.3 2224.0 80.2 490500 12420 955 7.0 1556 7.0 38.4 1.9 147.1 100.6 0.0465 0.0004 0.0012 0.704 0.057 0.063 0.1061 0.0070 0.0080 0.0432 0.2850 7.04 272.6 7.2 254.6 37.0
LC1-M2-2010-22 B C 4.3 543.0 153.4 517100 10470 635 22.3 1551 0.3 5.8 0.7 163.1 69.8 0.0448 0.0005 0.0011 0.369 0.017 0.022 0.0585 0.0025 0.0033 0.0446 0.3388 0.42 281.4 6.7 296.3 16.0
LC1-M2-2010-23 C C 9.0 445.0 221.9 463600 9210 558 27.9 1664 0.8 9.5 0.6 177.9 68.4 0.0487 0.0005 0.0012 0.571 0.024 0.032 0.0830 0.0045 0.0055 0.0468 0.3242 3.96 294.7 7.6 285.1 21.0
LC1-M2-2010-24 B D, I 57.6 1569.0 165.9 517000 12590 1348 14.7 2441 12.5 73.0 4.0 242.2 140.6 0.0535 0.0015 0.0019 1.318 0.089 0.100 0.1755 0.0093 0.0110 0.0443 0.1747 17.28 279.2 12.0 163.5 44.0
LC1-M2-2010-25 B D, I 19.7 1740.0 124.4 483400 12760 1017 411.0 1912 6.2 41.1 2.1 180.1 129.5 0.0527 0.0024 0.0027 0.683 0.046 0.053 0.0928 0.0046 0.0058 0.0502 0.3761 4.67 316.0 16.0 324.2 33.0
LC1-M2-2010-26B.1 B C 17.5 3192.0 84.1 522000 15200 1338 8.9 2060 4.6 25.8 1.4 175.6 168.4 0.0436 0.0004 0.0011 0.461 0.019 0.026 0.0769 0.0037 0.0047 0.0425 0.3250 2.62 268.3 6.6 285.7 18.0
LC1-M2-2010-26B.2 B D, I 24.7 6380.0 118.8 524600 16900 2208 27.6 3822 5.7 28.7 1.7 293.2 335.0 0.0412 0.0004 0.0010 0.381 0.009 0.017 0.0684 0.0017 0.0031 0.0402 0.2716 2.36 254.3 6.3 244.0 12.0
LC1-M2-2010-27C C C 2.7 1635.0 71.2 519900 12890 984 5.6 1682 0.2 1.5 0.1 155.1 86.0 0.0428 0.0005 0.0011 0.327 0.008 0.015 0.0576 0.0015 0.0027 0.0426 0.3185 0.42 269.2 6.8 280.8 12.0
LC1-M2-2010-27R R C 2.1 2802.0 77.6 494100 12320 1402 4.4 2187 0.8 2.2 0.1 187.6 135.8 0.0435 0.0004 0.0011 0.300 0.007 0.013 0.0509 0.0009 0.0021 0.0434 0.3036 0.02 274.1 6.8 269.2 10.0
LC1-M2-2010-28C C D 13.2 891.0 267.0 502700 11010 1047 9.5 1960 1.1 9.3 0.5 197.0 96.3 0.0481 0.0008 0.0014 0.541 0.040 0.045 0.0823 0.0045 0.0055 0.0458 0.2704 4.73 288.5 8.4 243.0 29.0
LC1-M2-2010-28R R C 12.7 1227.0 173.9 517500 12040 794 14.1 1539 3.2 21.4 1.1 152.2 85.3 0.0439 0.0005 0.0011 0.511 0.041 0.046 0.0839 0.0060 0.0068 0.0422 0.2969 3.99 266.2 7.0 264.0 31.0
LC1-M2-2010-29C C C 8.5 197.0 143.0 498000 10220 895 25.1 1570 6.0 30.0 0.9 170.0 66.9 0.0605 0.0019 0.0023 1.063 0.075 0.085 0.1231 0.0085 0.0097 0.0554 0.4039 8.47 347.4 14.0 344.5 42.0
LC1-M2-2010-29B B C 9.5 902.0 57.6 518000 13160 815 9.5 1352 2.9 17.2 1.3 131.3 81.4 0.0494 0.0007 0.0013 0.564 0.023 0.032 0.0862 0.0030 0.0045 0.0472 0.3185 4.50 297.1 8.3 280.7 21.0
LC1-M2-2010-30C C C 2.8 194.8 99.8 506400 7830 356 17.6 959 bdl 4.1 0.4 99.6 46.2 0.0439 0.0009 0.0013 0.315 0.023 0.026 0.0530 0.0041 0.0046 0.0437 0.2962 0.47 275.9 8.3 263.4 21.0
LC1-M2-2010-30B B C 2.6 448.6 97.6 507400 10170 453 10.4 861 bdl 2.7 0.2 83.6 44.4 0.0443 0.0005 0.0012 0.314 0.013 0.018 0.0522 0.0023 0.0031 0.0444 0.3258 -0.13 279.8 7.2 286.3 14.0
LC1-M2-2010-31R R D 69.0 839.0 1318.0 469500 9810 537 17.4 2075 6.4 50.1 2.0 236.2 85.4 0.0547 0.0038 0.0040 1.530 0.430 0.430 0.1600 0.0230 0.0240 0.0461 0.1592 15.80 290.3 24.0 150.0 110.0
LC1-M2-2010-31C C D, I 202.0 3812.0 289.0 500600 13950 1312 187.0 4000 124.0 767.0 36.2 546.0 168.2 0.0373 0.0004 0.0010 1.720 0.120 0.130 0.2780 0.0200 0.0230 0.0276 0.2598 26.09 175.5 6.0 234.5 51.0
LC1-M2-2010-32 C D, I 2230.0 1426.0 1108.0 480400 10140 1040 71.0 3260 49.5 348.0 3.7 369.0 131.3 0.4540 0.0930 0.0940 45.000 11.000 11.000 0.6660 0.0290 0.0380 0.1017 77.60 624.4 390.0 250.0
LC1-M2-2010-33 C C 4.8 296.0 110.7 476200 10230 797 26.6 1532 0.5 4.0 0.2 153.7 67.3 0.0431 0.0012 0.0022 0.365 0.031 0.040 0.0783 0.0059 0.0067 0.0418 0.3097 3.00 264.0 14.0 273.9 29.0
LC1-M2-2010-34 B D, I 135.0 1630.0 428.0 475000 11240 1205 91.0 2415 11.8 74.9 4.6 208.1 184.8 0.0784 0.0061 0.0070 2.730 0.380 0.430 0.2550 0.0160 0.0190 0.0585 0.3235 25.33 366.8 42.0 284.6 110.0
LC1-M2-2010-35 B (M) Ex 24.3 646.0 212.9 550800 11870 537 107.0 3262 2.9 33.7 1.0 330.0 140.5 0.0605 0.0008 0.0027 1.151 0.043 0.090 0.1431 0.0058 0.0083 0.0533 0.3167 11.93 334.7 17.0 279.4 41.0
LC1-M2-2010-36C C C 24.3 675.0 587.0 437000 8520 512 11.4 1481 2.4 40.0 1.0 131.4 92.2 0.0768 0.0015 0.0036 0.590 0.023 0.047 0.0587 0.0023 0.0033 0.0772 0.6686 -0.50 479.3 22.0 519.9 30.0
LC1-M2-2010-36R R C 9.3 3610.0 167.0 495000 15340 1198 15.5 1828 2.1 18.8 1.1 148.5 167.9 0.0484 0.0007 0.0022 0.356 0.010 0.026 0.0558 0.0012 0.0026 0.0480 0.3271 0.77 302.3 14.0 287.4 20.0
LC1-M2-2010-37C C C 2.9 193.0 109.1 500000 10670 924 13.4 1509 bdl 2.1 0.1 154.6 73.0 0.0441 0.0009 0.0021 0.302 0.025 0.032 0.0507 0.0042 0.0047 0.0439 0.2834 0.47 276.9 13.0 253.4 25.0
LC1-M2-2010-37B B D 18.7 1323.0 53.7 502000 14040 712 11.6 1022 3.7 22.5 1.4 104.5 72.9 0.0513 0.0006 0.0023 0.704 0.033 0.058 0.1033 0.0044 0.0061 0.0480 0.3264 6.51 302.1 14.0 286.8 35.0
LC1-M2-2010-38 R C 19.7 4200.0 52.8 421000 11730 1543 26.9 1780 4.9 21.0 0.6 138.0 149.7 0.0502 0.0007 0.0023 0.464 0.021 0.038 0.0695 0.0031 0.0042 0.0489 0.3353 2.40 308.1 14.0 293.6 26.0
LC1-M2-2010-39 C D, I 147.0 310.0 232.0 163000 3460 3660 208.0 795 540.0 1820.0 4.9 117.0 29.7 0.1680 0.0150 0.0170 13.300 1.500 1.700 0.5990 0.0160 0.0300 0.0791 2.5256 52.91 490.8 89.0 1279.4 93.0
LC1-M2-2010-40 C C 12.0 111.2 65.6 505000 8990 564 12.7 1423 3.7 21.1 1.4 161.7 60.4 0.1171 0.0031 0.0059 2.780 0.190 0.270 0.1790 0.0110 0.0140 0.0991 0.6469 15.35 609.3 34.0 506.6 78.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
K102-M4-2012-1C C D, I 104.7 2880.0 3650.0 407500 8300 374 4460.0 2590 24.7 306.0 43.0 18.8 208.0 177.7 0.0294 0.0015 0.0016 0.995 0.085 0.095 0.2360 0.0110 0.0130 0.0227 0.1581 22.67 144.9 10.0 149.1 47.0
K102-M4-2012-1R R D 31.7 1370.0 699.0 452100 10860 89 3.2 464 0.5 44.7 2.7 1.4 30.4 49.8 0.0541 0.0005 0.0012 0.612 0.026 0.036 0.0823 0.0031 0.0037 0.0517 0.3296 4.33 325.2 7.2 289.3 20.0
K102-M4-2012-2 C C 5.0 406.0 166.1 463400 10340 201 4.2 546 bdl 30.3 0.7 0.6 44.4 42.3 0.0509 0.0006 0.0011 0.383 0.011 0.019 0.0551 0.0014 0.0020 0.0507 0.3627 0.38 318.5 7.0 314.2 14.0
K102-M4-2012-3 C C 44.1 992.0 1650.0 463000 8580 404 11.3 3300 5.7 208.0 28.8 11.4 353.0 148.5 0.0481 0.0009 0.0013 0.397 0.010 0.019 0.0597 0.0015 0.0021 0.0477 0.3475 0.83 300.3 7.8 302.8 13.0
K102-M4-2012-4 C C 13.2 944.0 431.0 460200 10790 87 2.5 453 0.0 33.9 0.6 0.4 30.2 46.0 0.0522 0.0005 0.0012 0.385 0.008 0.018 0.0535 0.0011 0.0017 0.0520 0.3650 0.31 326.9 7.0 316.0 13.0
K102-M4-2012-5C C D, I 21.7 1080.0 1080.0 425800 10210 136 103.0 1250 18.4 261.0 43.0 16.1 120.0 67.5 0.0352 0.0026 0.0027 0.451 0.010 0.021 0.1043 0.0088 0.0091 0.0335 0.2970 4.95 212.2 17.0 264.1 15.0
K102-M4-2012-5R R D 14.7 1258.0 422.6 457900 11860 75 3.4 402 1.9 42.2 2.4 1.1 25.1 50.8 0.0447 0.0009 0.0013 0.382 0.009 0.019 0.0629 0.0019 0.0025 0.0439 0.2827 1.95 276.7 7.9 252.8 14.0
K102-M4-2012-6 C C 17.2 1199.0 569.0 453400 10400 115 4.6 818 6.7 110.0 19.8 8.7 55.9 82.9 0.0408 0.0018 0.0019 0.383 0.008 0.018 0.0708 0.0029 0.0034 0.0397 0.2684 2.64 251.1 12.0 241.4 13.0
K102-M4-2012-7 C D 20.1 397.0 537.0 429800 7820 524 52.0 1094 3.4 85.2 8.2 2.8 107.6 55.1 0.0532 0.0014 0.0018 0.504 0.035 0.041 0.0708 0.0043 0.0047 0.0506 0.2097 4.80 318.5 11.0 193.3 28.0
K102-M4-2012-8 C C 10.8 872.0 342.8 462900 10970 117 3.6 496 0.5 34.7 2.6 1.2 29.9 59.2 0.0510 0.0005 0.0011 0.402 0.010 0.020 0.0569 0.0014 0.0020 0.0506 0.3563 0.71 318.3 6.8 309.5 14.0
K102-M4-2012-9 B C 19.6 1304.0 615.4 447500 10670 91 5.8 441 0.2 42.8 2.4 1.0 30.4 47.9 0.0515 0.0004 0.0011 0.394 0.007 0.018 0.0553 0.0010 0.0017 0.0512 0.3629 0.48 322.2 6.7 314.4 13.0
K102-M4-2012-10 R C 23.5 1421.0 762.0 457500 10790 96 2.6 531 0.6 52.5 2.5 1.1 38.2 55.1 0.0460 0.0005 0.0010 0.415 0.007 0.019 0.0653 0.0011 0.0020 0.0453 0.3295 1.52 285.5 6.3 289.2 13.0
K102-M4-2012-11 B D, I 31.5 2400.0 985.0 472100 12380 102 7.3 1417 12.5 162.6 25.8 9.3 112.8 129.6 0.0265 0.0011 0.0012 0.366 0.008 0.018 0.1032 0.0048 0.0054 0.0246 0.1533 7.06 156.8 7.8 144.8 13.0
K102-M4-2012-12 C D, I 34.6 1870.0 1740.0 456700 9764 496 30.6 1820 27.7 327.0 62.8 13.9 170.0 108.9 0.0292 0.0010 0.0011 0.371 0.009 0.018 0.0920 0.0021 0.0031 0.0282 0.2507 3.42 179.2 7.1 227.1 13.0
K102-M4-2012-13R R C 16.9 1178.0 557.0 450400 10660 99 3.8 513 2.2 55.3 4.3 1.5 37.4 50.3 0.0463 0.0008 0.0012 0.364 0.007 0.017 0.0566 0.0011 0.0018 0.0458 0.3051 1.00 288.6 7.5 270.4 13.0
K102-M4-2012-13C C D, I 25.4 1680.0 1380.0 420900 8640 819 93.0 1107 30.8 298.0 52.4 12.7 98.4 71.1 0.0271 0.0009 0.0011 0.330 0.007 0.016 0.0907 0.0033 0.0040 0.0264 0.2517 2.68 167.7 6.8 228.0 12.0
K102-M4-2012-14C C C 25.0 1640.0 960.0 426900 10760 130 3.5 1240 3.3 81.0 8.4 3.9 73.5 140.0 0.0341 0.0024 0.0025 0.391 0.008 0.018 0.0901 0.0075 0.0079 0.0327 0.2597 4.00 207.6 16.0 234.4 14.0
K102-M4-2012-14R R C 15.1 1013.0 464.6 449800 10580 84 4.1 449 0.4 37.4 1.4 0.8 30.6 46.5 0.0500 0.0006 0.0012 0.397 0.009 0.019 0.0571 0.0015 0.0021 0.0496 0.3488 0.74 312.2 7.1 303.9 14.0
K102-M4-2012-15 R C 16.5 1243.0 536.9 471500 11130 113 3.9 490 0.4 44.4 3.1 1.0 33.4 54.5 0.0502 0.0006 0.0012 0.393 0.010 0.019 0.0552 0.0013 0.0019 0.0499 0.3512 0.51 314.1 7.1 305.6 14.0
K102-M4-2012-16 R C 16.8 1152.0 542.0 467400 11190 80 4.6 468 6.9 97.0 22.6 6.8 32.2 48.2 0.0438 0.0009 0.0012 0.412 0.008 0.019 0.0677 0.0019 0.0026 0.0431 0.3243 1.60 271.9 7.5 285.2 14.0
K102-M4-2012-17 R D, I 33.9 2380.0 1237.0 446200 10400 114 6.9 735 13.0 168.4 24.4 7.8 52.5 71.3 0.0256 0.0003 0.0006 0.373 0.011 0.019 0.1047 0.0022 0.0034 0.0237 0.1459 7.31 151.2 3.7 138.3 14.0
K102-M4-2012-18 C C 19.4 1245.0 574.0 451600 10550 90 2.7 449 2.3 54.9 5.1 2.3 30.0 47.9 0.0462 0.0005 0.0010 0.415 0.007 0.019 0.0646 0.0013 0.0021 0.0453 0.3029 1.94 285.5 6.3 268.7 14.0
K102-M4-2012-19 C C 22.8 1437.0 840.0 462900 10000 219 6.0 1023 6.4 117.4 36.3 4.6 81.7 81.8 0.0430 0.0010 0.0013 0.374 0.008 0.018 0.0622 0.0016 0.0022 0.0423 0.2812 1.69 266.9 8.2 251.6 13.0
K102-M4-2012-20 R C 16.0 1061.0 527.0 454000 10600 119 3.1 515 1.0 47.1 2.9 1.2 36.6 49.7 0.0502 0.0004 0.0011 0.404 0.009 0.019 0.0578 0.0013 0.0019 0.0500 0.3707 0.49 314.5 6.5 320.2 14.0
K102-M4-2012-21 C D, I 22.6 1356.0 885.0 452500 10040 137 5.4 1084 15.1 191.0 50.1 21.8 86.8 88.0 0.0378 0.0007 0.0010 0.393 0.008 0.018 0.0743 0.0016 0.0024 0.0370 0.2914 2.10 234.1 6.2 259.7 13.0
K102-M4-2012-22 R C 10.3 949.0 353.0 465900 10770 98 2.5 475 bdl 31.0 0.5 0.4 29.4 58.7 0.0502 0.0004 0.0011 0.378 0.008 0.018 0.0539 0.0010 0.0016 0.0501 0.3634 0.17 315.4 6.6 314.8 13.0
K102-M4-2012-23 R D 11.8 823.0 367.0 479700 11200 85 2.4 422 bdl 32.8 0.5 0.5 27.8 42.4 0.0521 0.0007 0.0012 0.433 0.018 0.025 0.0599 0.0021 0.0026 0.0517 0.3806 0.79 325.1 7.6 327.5 17.0
K102-M4-2012-24 R C 14.5 1018.0 478.0 470300 10670 115 6.5 604 4.4 80.7 12.5 7.3 44.8 57.1 0.0459 0.0006 0.0011 0.396 0.008 0.018 0.0614 0.0014 0.0021 0.0453 0.3202 1.23 285.8 6.7 282.1 13.0
K102-M4-2012-25 B C 46.0 1487.0 1590.0 485100 10610 166 4.6 1669 0.7 85.5 7.2 2.5 148.7 110.6 0.0526 0.0006 0.0012 0.408 0.010 0.020 0.0553 0.0014 0.0020 0.0525 0.3864 0.23 329.6 7.2 331.7 14.0
K102-M4-2012-26R R D 40.6 2135.0 1072.0 461900 10560 121 6.7 841 8.4 103.3 17.3 2.6 61.5 75.7 0.0289 0.0004 0.0007 0.516 0.009 0.024 0.1306 0.0035 0.0048 0.0258 0.1481 10.75 163.9 4.5 140.2 16.0
K102-M4-2012-43 R (M) Ex 2.8 199.6 69.9 482500 8850 277 7.4 1178 bdl 4.4 0.9 0.6 86.8 96.7 0.0674 0.0006 0.0023 0.535 0.017 0.024 0.0562 0.0017 0.0029 0.0672 0.4985 0.29 419.2 14.0 410.7 16.0
K102-M4-2012-44 R C 2.5 175.1 67.1 492100 7153 219 13.1 1191 bdl 3.2 2.0 0.9 92.1 93.9 0.0668 0.0007 0.0023 0.513 0.019 0.024 0.0548 0.0021 0.0030 0.0667 0.4918 0.16 416.4 14.0 406.2 17.0
K102-M4-2012-45 R D, I 373.0 1316.0 738.0 -2 -1 10690000 1380.0 78800 15180.0 43300.0 26000.0 528.0 14150.0 986.0 0.1260 0.0140 0.0150 8.400 1.400 1.400 0.4810 0.0550 0.0580 0.0564 55.26 353.5 86.0 160.0
K102-M4-2012-46R R C 2.9 240.0 94.3 502700 9814 894 18.6 1969 0.7 4.8 12.2 1.0 250.1 40.8 0.0452 0.0005 0.0016 0.379 0.016 0.020 0.0598 0.0025 0.0035 0.0446 0.2999 1.33 281.3 9.8 266.3 15.0
K102-M4-2012-46C C D 19.7 1612.0 664.6 490900 11968 101 6.9 879 8.6 128.7 23.2 7.4 59.4 95.9 0.0328 0.0003 0.0011 0.362 0.006 0.013 0.0787 0.0013 0.0034 0.0315 0.1960 4.07 200.0 7.1 181.7 9.5
K102-M4-2012-47 C C 10.4 1003.6 353.0 469600 11630 75 2.6 373 0.9 42.7 5.5 1.3 22.9 46.8 0.0513 0.0007 0.0018 0.394 0.007 0.014 0.0554 0.0011 0.0025 0.0512 0.3829 0.14 321.8 11.0 329.1 10.0
K102-M4-2012-48 R C 15.3 1056.0 477.0 461000 11150 91 4.7 363 1.6 46.7 6.0 1.7 22.9 42.9 0.0483 0.0004 0.0017 0.398 0.011 0.016 0.0597 0.0017 0.0030 0.0478 0.3331 1.11 300.9 10.0 291.9 12.0
K102-M4-2012-49 R C 20.6 1373.0 663.0 466800 11060 95 10.2 472 bdl 39.4 0.7 0.5 31.3 51.8 0.0517 0.0004 0.0018 0.398 0.007 0.014 0.0554 0.0010 0.0024 0.0515 0.3727 0.36 323.9 11.0 321.7 10.0
K102-M4-2012-50 R D 16.5 390.0 260.0 179500 4274 53 7.3 310 7.9 67.4 11.1 4.0 28.2 18.7 0.0393 0.0013 0.0018 1.254 0.042 0.057 0.2283 0.0060 0.0110 0.0295 0.0626 24.83 187.7 11.0 61.7 25.0
K102-M4-2012-51R R C 7.6 207.3 186.9 483300 7872 470 9.5 3962 0.1 11.3 7.5 3.4 390.4 181.4 0.0676 0.0008 0.0024 0.566 0.020 0.027 0.0612 0.0020 0.0032 0.0669 0.4897 0.98 417.6 14.0 404.7 17.0
K102-M4-2012-51B B C 8.6 303.0 161.0 324000 4950 252 11.0 1500 bdl 5.6 2.3 0.9 119.0 90.0 0.0697 0.0020 0.0031 0.560 0.036 0.040 0.0573 0.0027 0.0036 0.0698 0.5610 -0.12 434.9 18.0 452.2 25.0
K102-M4-2012-52 R C 16.7 1191.0 471.0 492600 11240 84 3.0 599 1.2 47.4 3.4 0.7 37.4 71.4 0.0471 0.0008 0.0018 0.425 0.011 0.017 0.0654 0.0019 0.0033 0.0461 0.3054 2.10 290.7 11.0 270.6 12.0
K102-M4-2012-53 R D 18.6 1087.0 489.0 477700 10961 97 5.1 675 2.6 48.2 5.8 0.9 46.3 67.9 0.0463 0.0009 0.0018 0.424 0.009 0.016 0.0685 0.0017 0.0033 0.0447 0.2490 3.37 282.0 11.0 225.7 11.0
K102-M4-2012-54 R D, I 26.2 1309.0 705.4 468800 10600 117 9.9 662 363.5 396.2 60.9 5.5 50.4 59.4 0.0474 0.0003 0.0016 0.512 0.009 0.018 0.0785 0.0013 0.0034 0.0457 0.3080 3.58 288.0 10.0 272.6 12.0
K102-M4-2012-55 R C 17.2 1151.0 575.1 480900 11241 91 2.3 464 bdl 35.9 0.7 0.5 30.9 49.9 0.0512 0.0003 0.0017 0.399 0.007 0.014 0.0568 0.0011 0.0026 0.0510 0.3826 0.29 320.7 11.0 328.9 10.0
K102-M4-2012-56C C C 17.8 1240.0 627.9 498800 11700 85 3.3 497 0.2 40.5 1.1 0.6 31.8 56.0 0.0497 0.0003 0.0017 0.377 0.006 0.013 0.0552 0.0009 0.0024 0.0497 0.3718 0.11 312.4 10.0 321.0 9.7
K102-M4-2012-56R R C 17.5 1280.0 573.0 478200 11340 95 3.8 756 5.7 97.1 17.4 5.9 52.0 80.7 0.0443 0.0004 0.0015 0.398 0.006 0.014 0.0650 0.0011 0.0029 0.0435 0.3057 1.71 274.6 9.4 270.8 9.9
K102-M4-2012-57 R C 15.0 1121.0 504.3 484000 11390 78 3.0 473 bdl 37.0 0.8 0.4 31.2 53.8 0.0521 0.0003 0.0018 0.380 0.007 0.014 0.0531 0.0010 0.0024 0.0521 0.3788 0.04 327.2 11.0 326.2 10.0
K102-M4-2012-58 R C 18.2 1317.5 637.7 495600 11431 85 2.9 521 bdl 42.4 0.8 0.5 35.4 55.3 0.0518 0.0003 0.0018 0.370 0.007 0.013 0.0521 0.0010 0.0023 0.0518 0.3714 0.01 325.4 11.0 320.7 9.8
K102-M4-2012-59 R C 0.7 52.0 20.4 488600 7820 102 8.1 506 bdl 2.1 0.5 0.4 41.7 35.2 0.0699 0.0013 0.0027 0.496 0.041 0.044 0.0521 0.0042 0.0047 0.0702 0.5438 -0.49 437.6 16.0 440.9 29.0
K102-M4-2012-60 R C 13.9 1452.0 418.6 497200 12360 82 4.7 632 0.4 37.8 1.2 0.6 38.1 86.9 0.0438 0.0012 0.0019 0.364 0.008 0.014 0.0613 0.0012 0.0028 0.0431 0.2860 1.59 272.0 12.0 255.4 10.0
K102-M4-2012-61 R D 18.3 588.0 216.0 479000 11334 87 2.2 383 0.7 30.4 2.2 0.9 24.6 43.4 0.0574 0.0010 0.0022 1.023 0.087 0.093 0.1278 0.0093 0.0110 0.0510 0.2326 11.18 320.7 13.0 212.4 46.0
K102-M4-2012-62 B C 24.8 1202.0 604.1 475500 10980 96 3.5 582 1.1 56.0 4.7 1.5 39.6 61.7 0.0501 0.0004 0.0017 0.557 0.013 0.021 0.0819 0.0016 0.0037 0.0482 0.3332 3.84 303.4 11.0 292.0 14.0
K102-M4-2012-63 R C 11.4 702.0 372.7 472500 10910 99 1.6 678 bdl 27.3 1.2 0.8 49.3 63.2 0.0539 0.0006 0.0019 0.381 0.012 0.017 0.0529 0.0016 0.0027 0.0540 0.3960 -0.04 338.8 12.0 338.8 12.0
K102-M4-2012-64 R C 36.0 1850.0 1249.0 475600 10595 130 5.7 798 0.2 63.2 2.0 1.1 59.8 73.1 0.0524 0.0003 0.0018 0.384 0.005 0.013 0.0545 0.0008 0.0024 0.0525 0.4062 -0.19 329.9 11.0 346.1 9.6
K102-M4-2012-65 UG C 11.4 888.3 378.2 480900 10931 101 2.5 556 bdl 33.8 0.6 0.4 36.1 61.6 0.0527 0.0003 0.0018 0.381 0.008 0.014 0.0536 0.0011 0.0024 0.0527 0.3846 0.08 331.1 11.0 330.4 10.0
K102-M4-2012-66 R C 22.6 1207.0 769.0 470200 10500 136 7.5 718 5.0 99.1 13.6 2.5 54.2 61.3 0.0455 0.0006 0.0016 0.419 0.010 0.016 0.0688 0.0016 0.0032 0.0444 0.2982 2.43 280.1 10.0 265.0 12.0
K102-M4-2012-67 R C 16.2 1095.0 515.0 471800 10880 122 4.3 684 3.1 77.1 11.0 3.4 51.8 59.5 0.0514 0.0004 0.0018 0.403 0.008 0.015 0.0580 0.0011 0.0026 0.0511 0.3710 0.65 321.3 11.0 320.4 11.0
K102-M4-2012-68 R C 19.9 1365.0 572.6 481600 10822 121 3.4 897 1.5 64.1 3.5 1.5 61.8 89.3 0.0476 0.0003 0.0016 0.431 0.007 0.015 0.0664 0.0010 0.0029 0.0467 0.3184 2.05 294.0 10.0 280.6 11.0
K102-M4-2012-69 R C 14.4 1110.0 492.5 486700 10930 125 4.3 737 0.3 45.3 1.1 0.7 49.4 78.9 0.0517 0.0003 0.0018 0.378 0.007 0.014 0.0540 0.0010 0.0024 0.0517 0.3763 0.14 324.7 11.0 324.3 10.0
K102-M4-2012-70 R D 12.7 1076.0 400.0 476600 12710 77 3.1 458 3.1 61.9 9.8 4.6 29.0 57.9 0.0465 0.0006 0.0017 0.388 0.006 0.013 0.0617 0.0014 0.0029 0.0457 0.2961 1.77 287.9 10.0 263.4 9.7
K102-M4-2012-71 R D 18.0 1221.0 554.0 457700 10220 129 5.4 960 4.5 92.4 15.9 4.9 75.5 81.0 0.0423 0.0005 0.0015 0.356 0.008 0.013 0.0624 0.0018 0.0031 0.0411 0.2253 2.72 259.8 9.3 206.3 10.0
K102-M4-2012-72 R C 24.0 1383.0 754.7 477600 10910 119 3.3 883 0.8 57.9 3.2 1.6 62.7 84.9 0.0475 0.0003 0.0016 0.437 0.007 0.015 0.0685 0.0011 0.0030 0.0466 0.3452 1.80 293.8 10.0 301.1 11.0
K102-M4-2012-73 R C 37.1 1848.0 1187.0 481300 11112 120 4.5 652 1.1 67.1 4.2 1.8 49.2 59.2 0.0512 0.0009 0.0019 0.436 0.007 0.015 0.0630 0.0009 0.0027 0.0507 0.3791 1.06 318.6 12.0 326.4 11.0
K102-M1-2010-1 UG D, I 80.4 3605.0 6600.0 471300 8360 426 191.0 5830 57.2 642.0 35.3 567.0 233.9 0.0156 0.0002 0.0006 0.387 0.007 0.012 0.1800 0.0037 0.0100 0.0131 0.0920 15.90 84.1 3.5 89.4 9.1
K102-M1-2010-2 UG C 17.3 1454.0 647.0 496700 11520 85 5.4 527 3.4 60.0 2.0 35.1 56.7 0.0369 0.0016 0.0020 0.356 0.006 0.012 0.0727 0.0033 0.0051 0.0361 0.2766 2.10 228.8 12.0 247.9 8.7
K102-M1-2010-3 UG D, I 513.0 1090.0 4070.0 64 -1 9600000 105.0 13800 99000.0 165000.0 719.0 2050.0 265.0 0.1102 0.0035 0.0049 7.860 0.440 0.490 0.5050 0.0280 0.0390 0.0526 0.5126 52.24 330.6 29.0 420.2 56.0
K102-M1-2010-4 UG D, I 203.6 15560.0 11700.0 446400 10590 252 16.9 3609 35.1 318.0 9.7 172.8 401.5 0.0203 0.0005 0.0008 0.214 0.005 0.008 0.0701 0.0016 0.0041 0.0196 0.1093 3.58 124.8 5.3 105.3 6.6
K102-M1-2010-5 UG C 17.5 994.0 596.0 480100 10810 132 3.4 893 2.3 51.6 2.5 64.7 80.3 0.0520 0.0008 0.0018 0.379 0.010 0.014 0.0545 0.0017 0.0034 0.0519 0.3843 0.10 326.3 11.0 330.2 10.0
K102-M1-2010-6 UG C 15.6 1479.0 517.0 499400 12740 83 4.3 582 1.8 45.7 1.0 34.8 78.0 0.0415 0.0004 0.0014 0.362 0.007 0.012 0.0637 0.0014 0.0037 0.0409 0.2988 1.31 258.6 8.6 265.4 8.9
K102-M1-2010-7 UG D, I 13.4 998.0 391.1 482700 10880 164 176.0 593 2.0 56.9 2.6 38.8 67.0 0.0499 0.0005 0.0017 0.379 0.013 0.016 0.0560 0.0021 0.0037 0.0494 0.3262 0.98 310.8 10.0 286.6 13.0
K102-M1-2010-8 US D 19.8 1325.0 612.0 483500 11130 125 4.0 918 5.0 76.0 3.8 62.0 92.6 0.0419 0.0015 0.0020 0.379 0.006 0.012 0.0657 0.0025 0.0043 0.0408 0.2528 2.51 258.1 13.0 228.9 8.7
K102-M1-2010-9C C C 21.3 709.0 682.0 482400 10940 126 4.8 1013 0.5 67.7 3.2 85.9 63.4 0.0508 0.0004 0.0017 0.418 0.010 0.016 0.0603 0.0015 0.0036 0.0502 0.3508 1.16 315.6 10.0 305.3 11.0
K102-M1-2010-9R R D 16.8 1257.0 376.0 467500 11920 68 3.7 409 3.7 44.5 1.0 26.2 51.2 0.0340 0.0013 0.0017 0.370 0.013 0.017 0.0751 0.0057 0.0070 0.0325 0.1771 4.29 206.4 10.0 165.6 12.0
K102-M1-2010-10 US C 16.2 1058.0 512.0 504300 11360 106 6.5 689 0.8 42.8 2.5 46.6 75.3 0.0494 0.0005 0.0017 0.424 0.009 0.015 0.0626 0.0015 0.0037 0.0490 0.3816 0.75 308.4 10.0 328.2 10.0
K102-M1-2010-11 US C 13.5 1113.0 456.0 511000 11410 95 2.8 661 1.7 55.9 1.7 38.9 78.8 0.0508 0.0006 0.0017 0.368 0.012 0.016 0.0529 0.0021 0.0035 0.0508 0.3677 0.05 319.3 11.0 317.9 12.0
K102-M1-2010-12 US C 24.5 1440.0 723.0 488000 10790 116 4.4 1084 5.4 84.1 4.2 78.9 100.9 0.0394 0.0016 0.0021 0.419 0.008 0.014 0.0807 0.0032 0.0054 0.0378 0.2506 3.96 239.4 13.0 227.0 10.0
K102-M1-2010-13 US C 23.5 628.0 702.0 474000 8380 288 10.8 1790 1.4 106.6 6.9 190.0 78.3 0.0523 0.0008 0.0019 0.422 0.021 0.024 0.0578 0.0030 0.0043 0.0518 0.3570 0.95 325.7 11.0 310.0 17.0
K102-M1-2010-14 C D, I 34.2 901.0 1069.0 476000 7920 282 233.0 2299 23.3 215.0 12.1 242.4 98.9 0.0424 0.0015 0.0020 0.420 0.018 0.021 0.0732 0.0044 0.0059 0.0402 0.1654 5.14 254.2 12.0 155.4 15.0
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Analysis Domain Comments Pb (ppm) U (ppm) Th (ppm) Zr (ppm) Hf (ppm) P (ppm) Ti (ppm) Y (ppm) La (ppm) Ce (ppm) Nd (ppm) Eu (ppm) Dy (ppm) Lu (ppm)
uncorr'd 
206Pb/238U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/235U 
ratio ± (int) ± (prop)
uncorr'd 
207Pb/206Pb 
ratio ± (int) ± (prop)
208Pb 
corr'd 
206Pb/238U 
ratio
208Pb 
corr'd 
207Pb/235U 
ratio
%206Pb 
that is 
common
206Pb/238U 
Age (Ma) ±
207Pb/235U 
Age (Ma) ±
K102-M1-2010-15C C C 10.6 693.7 351.0 487500 11210 77 2.5 569 0.9 36.5 1.3 39.3 56.4 0.0505 0.0005 0.0017 0.375 0.010 0.014 0.0542 0.0014 0.0032 0.0504 0.3734 0.06 317.3 10.0 322.2 10.0
K102-M1-2010-15R R C 20.5 1614.0 580.0 494600 12050 75 2.8 480 0.5 40.3 0.6 30.2 60.0 0.0471 0.0006 0.0016 0.398 0.010 0.015 0.0612 0.0020 0.0038 0.0464 0.3086 1.57 292.4 10.0 273.1 11.0
K102-M1-2010-16 C D, I 53.5 4200.0 2930.0 463700 9170 151 18.7 1750 63.3 672.0 22.2 164.0 94.1 0.0125 0.0003 0.0005 0.329 0.005 0.010 0.1909 0.0045 0.0110 0.0102 0.0611 18.02 65.5 3.0 60.2 7.9
K102-M1-2010-17 C D, I 23.2 1463.0 920.0 450100 10070 112 260.0 718 11.7 168.0 8.3 58.8 53.1 0.0367 0.0014 0.0019 0.365 0.009 0.014 0.0730 0.0039 0.0055 0.0360 0.2854 1.90 228.0 12.0 254.9 10.0
K102-M1-2010-18C C D, I 78.4 1579.0 1005.0 476800 10420 107 11.1 883 bdl 160.0 10.4 75.3 60.1 0.0342 0.0009 0.0014 1.330 0.043 0.057 0.2880 0.0150 0.0210 0.0244 0.1797 28.70 155.5 9.1 167.8 25.0
K102-M1-2010-18R R C 22.1 1367.0 576.0 489200 11090 89 3.2 659 0.5 50.0 0.9 41.0 76.1 0.0511 0.0003 0.0017 0.445 0.007 0.014 0.0636 0.0012 0.0036 0.0502 0.3474 1.62 315.9 10.0 302.8 10.0
K102-M1-2010-19 C C 18.2 1134.0 637.0 502300 11010 95 5.3 897 9.5 161.0 15.5 64.1 81.9 0.0455 0.0010 0.0018 0.390 0.010 0.015 0.0618 0.0019 0.0038 0.0451 0.3388 0.89 284.3 11.0 296.3 11.0
K102-M1-2010-20 C C 28.8 588.0 934.0 488900 8420 382 17.8 3037 0.7 121.1 9.8 311.8 123.6 0.0526 0.0005 0.0018 0.396 0.012 0.016 0.0548 0.0017 0.0034 0.0529 0.4319 -0.54 332.3 11.0 364.5 12.0
K102-M1-2010-21 C C 19.7 1074.0 643.0 488800 10950 90 4.2 897 1.1 43.4 1.6 63.2 83.5 0.0518 0.0004 0.0017 0.380 0.008 0.013 0.0531 0.0012 0.0031 0.0518 0.3805 -0.02 325.8 10.0 327.4 9.8
K102-M1-2010-22 C C 9.4 734.0 301.0 501800 11250 119 3.1 503 1.8 37.2 1.2 33.6 56.2 0.0493 0.0010 0.0019 0.381 0.009 0.014 0.0562 0.0017 0.0034 0.0491 0.3553 0.45 308.9 12.0 308.7 10.0
K102-M1-2010-23C C C 19.6 1202.0 615.0 501500 10750 142 5.3 903 2.9 79.9 2.4 64.2 89.8 0.0476 0.0006 0.0016 0.386 0.007 0.013 0.0593 0.0014 0.0035 0.0471 0.3346 0.95 296.8 10.0 293.1 9.5
K102-M1-2010-23R R D, I 31.2 3086.0 948.0 507500 14500 86 37.8 834 57.0 443.0 21.0 58.7 93.5 0.0199 0.0002 0.0007 0.317 0.008 0.012 0.1150 0.0030 0.0068 0.0183 0.1174 8.35 116.6 4.2 112.7 9.2
K102-M1-2010-24C C C 40.7 1406.0 1190.0 484600 10650 214 5.7 1740 6.1 172.0 6.5 168.0 92.6 0.0399 0.0012 0.0017 0.556 0.027 0.031 0.1029 0.0048 0.0073 0.0373 0.2505 6.57 235.9 11.0 227.0 20.0
K102-M1-2010-24R R D, I 96.0 2695.0 1222.0 503700 12820 96 8.5 869 19.7 257.0 9.1 71.7 82.3 0.0339 0.0004 0.0011 0.964 0.065 0.070 0.2050 0.0120 0.0160 0.0267 0.0893 21.35 169.7 7.1 86.9 36.0
K102-M1-2010-25 U-C C 18.1 970.0 598.0 493700 10530 126 5.2 1025 1.2 61.0 2.3 75.0 86.7 0.0502 0.0004 0.0017 0.372 0.008 0.013 0.0540 0.0011 0.0031 0.0501 0.3667 0.11 315.3 10.0 317.2 9.4
K102-M1-2010-26 C C 8.9 630.0 296.0 495600 10810 112 4.4 513 2.5 60.0 2.7 44.3 37.9 0.0419 0.0020 0.0024 0.346 0.010 0.014 0.0597 0.0031 0.0044 0.0413 0.2750 1.39 261.0 15.0 246.6 11.0
K102-M1-2010-27 U-C C 22.3 1250.0 693.0 475800 10200 294 4.6 778 1.7 58.1 1.2 59.0 63.7 0.0516 0.0005 0.0017 0.382 0.008 0.013 0.0543 0.0012 0.0031 0.0514 0.3627 0.37 322.9 11.0 314.2 9.8
K102-M1-2010-28 C D, I 15.2 932.0 900.0 518000 10830 90 7.1 663 10.2 145.0 8.3 54.1 49.1 0.0357 0.0008 0.0014 0.407 0.012 0.016 0.0834 0.0030 0.0054 0.0363 0.4844 -1.74 229.7 8.8 401.1 12.0
K102-M1-2010-29 B D, I 33.5 1784.0 1382.0 450900 9400 405 6.7 1567 16.0 185.0 9.5 127.5 113.8 0.0321 0.0005 0.0011 0.396 0.011 0.015 0.0905 0.0028 0.0056 0.0311 0.2803 3.12 197.4 7.1 250.9 11.0
K102-M1-2010-30 C D, I 74.5 3602.0 5660.0 460400 8560 322 66.0 3267 51.7 494.3 17.8 288.1 173.7 0.0200 0.0004 0.0007 0.407 0.007 0.013 0.1478 0.0033 0.0086 0.0191 0.2979 4.58 121.7 4.6 264.8 9.5
K102-M1-2010-31 C D, I 63.4 2080.0 2840.0 468700 8220 485 27.0 4240 12.1 404.0 19.2 412.0 191.8 0.0298 0.0011 0.0015 0.508 0.010 0.017 0.1259 0.0054 0.0086 0.0277 0.2678 6.99 176.3 9.4 240.9 12.0
K102-M1-2010-32C C D, I 43.5 2090.0 774.0 508400 11760 590 6.3 1486 12.5 87.1 11.9 96.6 140.0 0.0290 0.0031 0.0033 0.432 0.018 0.022 0.1110 0.0160 0.0170 0.0263 0.1197 9.33 167.3 20.0 114.8 15.0
K102-M1-2010-32R R C 16.5 1032.0 491.0 506800 11460 106 3.1 670 bdl 45.4 0.6 40.5 74.9 0.0446 0.0013 0.0019 0.413 0.010 0.015 0.0679 0.0020 0.0042 0.0438 0.3180 1.85 276.2 12.0 280.4 11.0
K102-M1-2010-33 R C 16.3 1155.0 546.0 501400 10980 117 3.5 729 2.3 59.9 2.2 48.0 79.8 0.0494 0.0007 0.0017 0.377 0.009 0.014 0.0553 0.0017 0.0034 0.0492 0.3563 0.34 309.7 11.0 309.4 10.0
K102-M1-2010-34 R D, I 71.0 4220.0 2300.0 478700 10850 150 12.0 1354 34.7 349.0 23.0 88.1 143.7 0.0197 0.0004 0.0008 0.330 0.005 0.010 0.1106 0.0032 0.0067 0.0175 0.0432 10.94 111.8 4.9 42.9 7.9
K102-M1-2010-35 NZ Ex 723.0 101200.0 1025000.0 199 2 167 190.6 1324 10220.0 14530.0 123.7 193.2 17.1 0.0012 0.0000 0.0000 0.012 0.000 0.000 0.0773 0.0014 0.0044 0.0012 0.0210 -6.40 7.9 0.3 21.2 0.4
K102-M1-2010-36C C D, I 18.6 354.0 680.0 405000 7750 1010 7.6 686 13.9 63.0 2.7 65.1 41.8 0.0577 0.0032 0.0037 1.480 0.100 0.110 0.1955 0.0094 0.0140 0.0407 29.50 257.0 23.0 48.0
K102-M1-2010-36R R C 16.2 1437.0 550.0 505400 12980 82 3.2 539 bdl 35.8 0.4 29.3 73.4 0.0448 0.0003 0.0015 0.363 0.009 0.013 0.0594 0.0013 0.0035 0.0445 0.3272 0.73 280.4 9.1 287.4 10.0
K102-M1-2010-37C C D 30.4 899.0 836.0 495300 9070 162 3.3 1510 2.7 95.1 3.6 141.0 84.0 0.0495 0.0006 0.0017 0.506 0.015 0.021 0.0739 0.0024 0.0046 0.0477 0.2943 3.51 300.5 10.0 261.9 14.0
K102-M1-2010-37R R C 15.8 1222.0 376.0 504500 12040 83 4.2 522 2.8 52.0 1.7 30.9 68.1 0.0478 0.0006 0.0017 0.470 0.009 0.016 0.0712 0.0020 0.0043 0.0465 0.3221 2.54 293.2 10.0 283.5 11.0
K102-M1-2010-38 C C 16.9 1254.0 558.0 502700 11560 92 3.6 516 1.7 57.3 1.8 34.0 59.2 0.0496 0.0004 0.0016 0.366 0.007 0.012 0.0533 0.0010 0.0030 0.0494 0.3475 0.28 311.1 10.0 302.9 9.0
K102-M1-2010-39 B D 22.0 1420.0 523.0 475800 11320 1552 5.1 4110 3.2 52.6 2.7 333.0 257.0 0.0528 0.0024 0.0030 0.452 0.015 0.019 0.0622 0.0018 0.0038 0.0518 0.3270 1.97 325.3 18.0 287.3 13.0
K102-M1-2010-40 C C 32.6 1823.0 1186.0 514500 10660 247 6.3 1773 7.5 144.0 6.4 147.4 125.4 0.0392 0.0007 0.0014 0.399 0.008 0.014 0.0741 0.0020 0.0044 0.0382 0.2837 2.48 241.9 8.9 253.6 10.0
K102-M1-2010-41 C C 7.8 370.0 112.7 483000 11060 66 5.1 211 0.2 16.4 0.2 12.6 27.5 0.0556 0.0006 0.0019 0.730 0.064 0.067 0.0953 0.0082 0.0096 0.0524 0.3328 5.90 329.0 12.0 291.7 40.0
K102-M1-2010-42 C D, I 23.5 1231.0 696.0 487900 10930 101 2350.0 555 3.5 50.9 1.9 36.9 60.4 0.0380 0.0007 0.0014 0.386 0.016 0.019 0.0665 0.0024 0.0043 0.0371 0.2425 2.32 235.0 8.7 220.4 14.0
K102-M1-2010-43 NZ Ex 1530.0 152300.0 1119000.0 300 4 270 206.4 1724 7140.0 11660.0 215.3 244.4 22.6 0.0020 0.0002 0.0002 0.017 0.001 0.001 0.0608 0.0010 0.0034 0.0041 0.2632 -103.04 26.4 1.0 237.2 1.1
K102-M1-2010-44 R D, I 22.1 1238.0 707.0 476000 10190 1050 7.7 994 20.7 124.0 4.2 70.8 88.6 0.0420 0.0006 0.0015 0.426 0.008 0.014 0.0735 0.0014 0.0042 0.0408 0.2891 2.69 258.0 9.0 257.8 10.0
K102-M1-2010-45 U-BG C 21.6 1119.0 660.0 478000 10140 447 5.7 894 4.3 73.0 2.6 64.8 79.1 0.0497 0.0005 0.0017 0.396 0.012 0.016 0.0575 0.0021 0.0037 0.0492 0.3339 1.00 309.9 10.0 292.6 12.0
K102-M1-2010-46 C C 6.2 602.0 200.2 526800 11990 67 5.2 300 0.2 23.8 0.8 17.7 39.3 0.0508 0.0004 0.0017 0.387 0.008 0.014 0.0549 0.0012 0.0032 0.0507 0.3677 0.28 318.6 10.0 317.9 9.9
K102-M1-2010-47 C D, I 19.0 1290.0 441.0 504200 11540 79 6.1 640 10.3 117.0 6.0 38.0 78.7 0.0415 0.0015 0.0020 0.461 0.012 0.018 0.0829 0.0042 0.0061 0.0398 0.2692 4.10 251.6 12.0 242.0 12.0
K102-M1-2010-48 R D 11.4 1273.0 319.0 528200 12020 116 4.8 536 3.9 60.9 1.8 34.8 64.3 0.0380 0.0005 0.0013 0.327 0.008 0.012 0.0624 0.0015 0.0037 0.0370 0.2146 2.45 234.4 8.1 197.4 9.2
K102-M1-2010-49R.1 R C 8.5 794.6 262.4 521000 11370 120 2.6 482 bdl 23.8 0.4 30.1 58.3 0.0527 0.0004 0.0017 0.387 0.010 0.014 0.0530 0.0012 0.0031 0.0526 0.3693 0.25 330.2 11.0 319.1 10.0
K102-M1-2010-49R.2 R C 7.6 649.0 227.7 514300 11690 76 3.0 304 0.2 23.9 0.3 18.9 35.7 0.0532 0.0004 0.0018 0.386 0.011 0.015 0.0527 0.0015 0.0032 0.0530 0.3633 0.36 333.0 11.0 314.7 11.0
K102-M1-2010-50 C C 8.4 797.0 275.0 514300 11380 112 2.6 457 0.2 26.6 0.5 27.5 54.0 0.0499 0.0006 0.0017 0.356 0.010 0.014 0.0518 0.0014 0.0031 0.0498 0.3424 0.23 313.1 10.0 299.0 11.0
K102-M1-2010-51 C D, I 36.3 2560.0 1430.0 492100 10950 126 8.8 1100 22.6 378.0 16.7 86.3 82.9 0.0240 0.0010 0.0013 0.336 0.006 0.011 0.1029 0.0038 0.0067 0.0221 0.1087 8.08 140.7 8.0 104.8 8.2
